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INTRODUCTION 

Ih the A,phonsms of Hippocrates occur tlie follomng interesting 
statements 

The aged endure fasting most easdj , next adults, next young persons, 
and least of all children, especially such as arc most lively 

Growing bodies have the most innate heat, they therefore require the 
most nourishment, and if tlicj have it not they waste In the aged there 
15 httlc heat, and thcrclore they requu-c little fuel, for it would be extin- 
guished b> much Similatlv fevers in the aged arc not so acute because 
their bodies arc cold (Charles Singer (27 1) ) 
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It IS wthm only the most recent years that the definition of normal 
values in metabolism has been sufficiently clear to permit the widest 
use of calorimetry in medicine The time is now ripe for the practi- 
tioner to sum up tlie knowledge in this field in order to see how he 
may use it 

Much important information is available concerning the quanti- 
tative changes in the heat production in disease Fever is an every 
day problem of tlie physiaan and calorimetry has much to offer in 
knowledge of the regulation of temperature Valuable contributions 
have been made concerning the effects of drugs and of the secretions 
of ductless glands, as for instance, in exophthalmic goitre The 
treatment of mj'xedema may be accurately controlled as never before 
The interrelationships of the metabohsm with the functional de- 
mands on the heart and lungs are of the utmost importance to tlie 
practitioner of mediane Because the demands of the metabolism 
determine tlie volume output of the heart and the rate of ventilation 
of tlie pulmonary alveoli the physiaan should know somethmg of 
the metabolic cost of muscular effort, the mechamcal efficiency of 
his patient If he understands tliese things failure of the heart m 
exophthalmic goitre w ill lose much of its mystery for him The proper 
dietaries m various diseases, long a matter of guess work or subject 
to individual whims or fads, maj now be presenbed with definite 
knowledge Most important of all, the energy demands of growing 
children may be dcfimtely detemuned No less fasanating or im- 
portant IS the vicv( unfolded by indirect calornnctry of the inter- 
mediarj' processes of metabohsm m a disease such as diabetes 

So far nothing has been said of tlie diagnostic use of calorimetry, 
though this use is the chief one by which it is known to tlie profession 
at large In the writer’s opinion the measurement of metabohsm for 
diagnosis is the least valuable of all the contributions of calorimetry 
to the clinic, the most abused and the most dangerous 

Apparatus and methods 

It IS not considered to be within Uie scope of this article to enter 
into a desenpUon of the numerous forms of apparatus used in animal 
or human calonmctrj As sources of sucli information the reader is 
rcfcrrcel to articles bj Murlin (21S), Lusk (l66), Carpenter (59), 
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and Krogh (151a) In general three methods have been employed, 
(c) direct calorimetry, (&) respiration caloruneters, (c) indirect 
calorimetry 

Direct calorimetry has been carried out by the use of apparatus such 
as tliat of Reichert (250), Ott (230), Paschutm (156) and others (SO) 
Concerning the Pascliutin type of calorimeter very httle has appeared 
in tire Enghsh, German or French hterature A considerable bibli- 
ography of the Russian literature of calorimetrj’^ has been compiled 
for the writer by Dr Wilham A Perlzweig 

Direct calorimetry involves the physical measurement of heat 
eliminated from the body b}’’ means of radiation, conduction, convec- 
tion, and the vaporization of water from the skin and lungs It must 
take into account corrections for heat stored m the bod}’^ if the body 
temperature rises dunng the period of observation a corrrection 
of positive sign, or a similar correction of negative sign if the body 
temperature falls For these corrections the specific heat of the body 
should be known accurately The heat production is the algebraic 
sum of the heat eliminated and the correction for change in body 
temperature 

Another phase of direct calorimetry is that of determination of the 
heat of combustion of foodstuffs burned in a bomb calorimeter 
(Riclie (255) ) If the heat of combustion of 1 gram of pure dextrose 
be determined directly, and if from the chemical formula for dextrose 
a calculation be made of tlie amount of oxygen required to completely 
burn 1 gram of dextrose to CO 2 and H 2 O, then one may calculate the 
heat value of any given quantity of oxj’^gen used in oxidation of dex- 
trose Similar calculations have been made for the other foodstuffs, 
but m the case of protein a deduction is made of the heat value of 
end products of protein metabohsm found in the unne and feces 
A V Hill, Meyerhof and others have used minute and very accurate 
differential calorimeters, which are capable of measuring the heat of 
small isolated muscles, ova, small animals, and even of the heat 
produced in the agglutination of bacteria by an immune serum 
(Bayne-Jones ) 

Indirect calorimetry is the method of calculating heat production by 
tlie measurement of the carbon dioxide and oxj^gen exchanged in the 
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respiration The validity of the method has been established beyond 
a doubt by the simultaneous measurement of heat by physical means, 
and of tlie gas exchange in a respiration calorimeter Such calorim- 
eters exist in this country m the laboratories of Graham Lusk, of 
the Russell Sage InsUtute of Pathology m Bellevue Hospital under 
the direcUon of DuBois, at the NutnUon Laboratory of tlic Carnegie 
Institution directed by F G Benedict, in the department of Agn- 
culture in Washington, and at Pennsylvania State College Abroad 
there is the respiration calonmetcr of Rubner in Berhn, the first suc- 
cessful apparatus of its kmd All of tliese employ the prinaples of 
Rcgnault and Rieset for the measurement of respired gases 
DuBois (95) recorded the accuracy of the Russell Sage Calonmcter 
as follows 

In obsen ations lasting three or four hours the heat production, carbon 
dioxide elimination and oxygen consumption, as determined by alcohol 
and electrical tests can be measured with an average error of 0 9, 0 6, and 
1 6 per cent, respectively Such a companson of the direct and indirect 
methods estabhshes the validity of induect calorimetry beyond a doubt, 
so that IS possible by the use of much simpler apparatus to measure the 
respiratory exchange alone as a basis for calculating the energy trans- 
formations of life 

For the principles of die calculation of the heat production in- 
directly from the respiratory exchange and unne nitrogen excretwn 
the reader is referred to Zuntz and Schumburg (301), Lusk (166), 
Benedict and Carpenter (25), and other sources (95, 151) For the 
complete and accurate calculation of heat production the measure- 
ment of both respiratory gases is essential, because the heat value of a 
unit quanbty of cither carbon dioxide or oxygen vanes ivith tlie 
nature of Uic foodstuff being oxidized IITien fat is burned tlie 
calonc value of 1 liter of oxygen is 4 686, whereas when carbohydrate 
is oxidized 1 liter of oxygen is equivalent to 5 047 calones Thus tlie 
heat generated as calculated from the oxygen consumed or carbon 
dioxide excreted vanes with tlie non-protem rcsinritory quotient, 
which normally lies between the limits of 0 71 (fat) and i 0 
(carbohydrate) 
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Recently numerous forms of simple apparatus for clinical use have 
been devised (35). For most of these only one of the respiratory gases 
is measured Usually when a single gas is the basis of calculation the 
one selected is oxygen, because the absorption of oxygen is less 
affected by abnormalities of respiration than is carbon dioxide This 
latter gas exists in sucli labile combination with bases in the body 
fluids that overventflation of the lungs will result in an excretion of 
CO 2 at a rate greater than the actual production of the gas by the 
oxidations of the body If overventflation occurs dunng a period of 
observation vuth any apparatus which determines CO 2 alone an 
erroneous measurement of the heat production wfll be obtained, which 
will be much higher than the true value 

In all methods of measuring the respiratory exchange there are 
inherent difficulties of great magmtude If one gas alone is measured 
it is much more difficult to detect an error If both gases are deter- 
mined the measurement of one checks the other In the hands of 
well trained workers reliable results may be obtained \vith simple 
apparatus The great danger arises from the results of poorly trained 
or careless observers, who neglect to take adequate precautions to 
insure the accuracy of their determinations To base a diagnosis 
upon the results of such metabolism tests, in winch innumerable 
sources of error may remain undetected, is an abuse of science, an 
insult to the clinical art, and a crime against the patient 
t-Tolal energy requirements m disease Physiologists have made 
available for the econormst data of the utmost importance, upon which 
depend the solution of tlie problems of food supply so vital to a nation 
in the giip of modern warfare These problems are beconnng steadily 
more significant for a world at peace as the growth of population 
makes it approach tlie limit winch the earth is capable of supporting 
The same data, winch are so useful to the econormst, afford points of 
departure for the investigation of the energy reqmrements in disease 
Such investigations determine not only the dietary needs in sickness, 
but furnish a more complete understanding of many of the faulty 
mechanisms of the diseased organism 

In a study of the effect of any given disease upon the total energy 
rcqmrement it is necessarj" to have some means of comparing that of 
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individuals suffering mth that disease mth that of normal individuals 
of the same size, shape, age and sex For this companson it has been 
found that the determination of the basal metabohsm serves best 
This furmshes a measure of the overhead cost of mamtenance of the 
indiv idual In addition to the “overhead” it is necessary to know the 
effect of food on the energy transformations, the specific dynamic 
action of food, and what may be the cost to the individual of the per- 
formance of muscular w ork, a cost which depends upon the mechanical 
ejjicieiicy of the individual 

PART I BASAL METABOLISM 

The term basal metabolism was introduced into English by Lusk 
as tlie English equivalent of the German “Gnmdumsatz ” It was 
onginally intended to mean the metabolism of an mdividual at the 
lowest ebb of functional activity However, as the minimal heat 
production probably occurs during sleep in the early morning hours, 
in practice measurements have come to be made at a more convenient 
time of day on subjects who are awake The standard basal me- 
tabolism IS the heat production of an individual at complete muscular 
rest in the “nuchtern” or post absorptive condition (fourteen to 
sixteen hours after the last ingestion of food), in an external environ- 
ment of about 33°C (comfortable clothing) These are the condi- 
tions under which most of the measurements have been made upon 
which normal standards are based 

a Surface area and the surface area laj) 

r roin Uie bcginmng investigators have sought to find some phj'sical 
measurements of an individual wath which the observed heat pro- 
duction could be correlated in an attempt to predict with accuracy 
the metabolism of other normal individuals For this purpose 
metabohsm has been referred ciucfly to the body weight and to the 
skin surface area The idea that the basal metabolism is proportional 
to the body surface area is an old one, having been proposed by 
Sarrus and Ramc.iu.\ as earlj as 183S (Hams and Benedict (118) ) 
It originated in the conception that tlie heat loss is proportional to 
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the body surface and that, since the body temperature is kept approxi- 
mately constant, there must be a causal relationship beta'een the 
extent of body surface and the heat production of the body 

Almost simultaneously, about 1883, Rubner and Richet presented 
experimental evidence tending to show that the basal metabolism is 
proportional to the body surface. Following this an immense amount 
of confirmatory evidence was brought out in support of the so called 
“Surface Area Law,'’ not only as applied to man, but to small and 
large ammals of all kinds (E Voit, Armsby, Fries, and Braman 
(118)) 

The study of the applicability of the surface area law made it 
necessary to have an accurate means of determining the area of the 
skin surface For adults the most commonly used formula for this 
purpose was that of Meeh, which stated that body surface was propor- 
tional to the two-thirds power of the weight Other formulae like 
tliose of Lissauer and of Rubner and Heubner which differ from Meeh’s 
only in the constant term, have been used for the surface area of 
children Howland and Dana (133) have hkewise developed a formula 
from the data of Meeh's original measurements D DuBois and E 
F DuBois (72) after making a series of the most careful and pains- 
taking casts of the body, weighing the paper patterns, were able to 
compute the skin area from a series of measurements of the body by 
dividmg it up into geometrical figures This work was knovm 
as the Linear Formula, which is the most accurate means of deter- 
mining body surface, and one Avhich should still be used for 
very obese persons or for indi\uduals of extremely abnormal 
shape It has been found to hold for children over two years of age 
by Sawyer, Stone and DuBois (265) The average error for the 
Linear Formula is somewhat imder 2 per cent It is a time consuming 
procedure to make all of the reqmred measurements 

Later DuBois and DuBois (73) devised an easier tliough shghtly 
less accurate means of predicting surface area from the height and 
weight This formula is as follows 

A = -n eight® X height®^* X 71 84 

where A = area in square centimeters the weight being in kilograms 
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and the height in centimeters This formula has been found by 
DuBois to be accurate uithin the limits of ± 5 per cent 
Following this Benedict (34) m 1916 descnbed a photographic 
method of determining surface area By this method the subjects 
arc photographed in suitable positions and the photographs are 
measured by means of a planimeter The area of the body deter- 
mined in this nay agrees closely with the results obtained by the 
DuBois heiglit-neiglit formula 

These methods have shown how totally inadequate w as the formula 
of Meeh, mth w'hich the average error is 16 per cent, with a maximal 
variation of 36 per cent In view of this fact it seems highly improb- 
able that tlie Lissauer formula for the surface area of children is any 
more accurate than that of Mceh to which it is entirely similar 
(Meeh’s formula is /I = 12 3 X Lissauer’s A = 10 3 X yjw’) 

Benedict and Talbot (38) found that Lissauer’s formula could be used 
for obtaining the surface area of children provided that the value of the 
constant term was \aned with different weights 

Faber and Melcher (86) have tested tlie DuBois height-weight 
formula in the measurement of area of infants under two years of age 
In a senes of 100 newborn babies, the area could be computed from a 
slightly modified height-weight formula with an average accuracy 
of ± 2 5 per cent The modified formula is id = w eight” *“ X 
height””” X 78 50 

b Normal standards for the basal mclabohsm of adults 

As work was done with the more accurate measures of surface area 
it became apparent that the ongmal statement of the Rubner-Richct 
hw would require modification, for it was found that age and sex had 
disunct effects upon the metabolism of man Aub and DuBois (10) 
renewed tlie available data on normal subjects up to 1917 and from 
these came to tlie conclusion that age and sex should be taken mto 
account Plicj proposed a tentative scries of standards for the 
aacrage heat production per square meter of skin area per hour for 
nomiol indii iduals from fourteen to eighty > cars of age From tlicsc 
average figures the normal metabolism was found to vaiy between the 
limits of ± 10 per cent 
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the body surface and that, since the body temperature is kept approxi- 
mately constant, there must be a causal relationship between the 
extent of body surface and the heat production of the body 

Almost simultaneously, about 1883, Rubner and Richet presented 
experimental e\ddence tending to show that the basal metabolism is 
proportional to the body surface Follo-ndng this an immense amount 
of confirmatory evidence was brought out in support of the so called 
“Surface Area Law,” not only as apphed to man, but to small and 
large animals of aU kinds (E Voit, Armsby, Fries, and Braman 
(118 )) 

The study of the applicability of the surface area law made it 
necessarj’’ to have an accurate means of determining the area of the 
skin surface For adults the most commonly used formula for this 
puipose was that of Meeh, which stated that body surface was propor- 
tional to the two-thirds power of the weight Other formulae like 
tliose of Lissauer and of Rubner and Heubner which differ from Meeh’s 
only in the constant term, have been used for the surface area of 
children Howland and Dana (133) have hkewise developed a formula 
from the data of Meeh’s origmal measurements D DuBois and E. 
F DuBois (72) after makmg a series of the most careful and pains- 
taking casts of the body, weighmg the paper patterns, were able to 
compute the skm area from a senes of measurements of the body by 
di\ddmg it up into geometncal figures This work was known 
as the Linear Formula, which is the most accurate means of deter- 
mining body surface, and one which should still be used for 
verj-- obese persons or for indi\'iduals of extremely abnormal 
shape It has been found to hold for children over two years of age 
by Sawyer, Stone and DuBois (265) The average error for the 
Linear Formula is somewhat under 2 per cent It is a tune consuming 
procedure to make all of the required measurements 

Later DuBois and DuBois (73) devised an easier though shghtly 
less accurate means of predicting surface area from the height and 
weight This formula is as follows- 

A — weight®*^® X height® X 71 84 

where A = area in square centimeters the weight being in kilograms 
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and the height in centimeters This formula has been found by 
DuBois to be accurate within the limits of ± 5 per cent 

Following this Benedict (34) in 1916 descnbed a photographic 
method of determming surface area By this method the subjects 
are photographed in suitable positions and the photographs are 
measured by means of a plammeter The area of the body deter- 
mmed in this way agrees closely witli the results obtained by the 
DuBois height-weight formula 

These methods have shown how totally inadequate was the formula 
of Meeh, with which the average error is 16 per cent, with a maximal 
variation of 36 per cent In view of this fact it seems highly improb- 
able that the Lissauer formula for the surface area of children is any 
more accurate than that of Meeh to which it is entirely sirmlar 
(Mceh’s formula is j 4 = 12 3 X Lissauer’s 4 = 10 3 X "yjai’) 

Benedict and Talbot (38) found that Lissauer’s formula could be used 
for obtaimng the surface area of children provided that the value of the 
constant term was vaned witli different weights 
Faber and Melcher (86) have tested tlie DuBois height-weight 
formula in the measurement of area of infants under two years of age 
In a senes of 100 newborn babies, the area could be computed from a 
slightly modified height-weight formula with an average accuracy 
of ± 2 5 per cent The modified formula is /I = weight” X 
height” X 78 SO 

b Normal standards for the basal metabolism of adults 

As work was done wath tlie more accurate measures of surface area 
It became apparent that tlie onginal statement of the Rubner-Richet 
law would require modification, for it was found that age and sex had 
distinct effects upon the metabohsm of man Aub and DuBois (10) 
reviewed the available data on normal subjects up to 1917 and from 
these came to the conclusion tliat age and sex should be taken into 
account They proposed a tentative senes of standards for the 
average heat producpon per square meter of skin area per hour for 
normal individuals from fourteen to eighty years of age From these 
average figures the normal metabolism was found to vary betiveen the 
limits of ± 10 per cent 
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the body surface and that, since the body temperature is kept approxi- 
mately constant, there must be a causal relationship between the 
extent of body surface and the heat production of the body 

Almost simultaneously, about 1883, Rubner and Richet presented 
experimental e^ddence tending to show that the basal metabolism is 
proportional to the body surface Following tins an immense amount 
of confirmatory e\ndence was brought out in support of the so called 
“Surface Area Law,” not only as apphed to man, but to small and 
large ammals of all kinds (E ^^olt, Armsby, Fnes, and Braman 
(IIS)) 

The study of the applicabihty of the surface area law made it 
necessary to have an accurate means of determinmg the area of the 
skin surface For adults the most commonly used formula for this 
purpose was that of Meeh, which stated that body surface was propor- 
tional to the two-thirds power of the weight Other formulae like 
those of Lissauer and of Rubner and Heubner which differ from Meeh’s 
only in the constant term, have been used for the surface area of 
children Howland and Dana (133) have likewise developed a formula 
from the data of Meeh’s origmal measurements D DuBois and E. 
F DuBois (72) after making a series of the most careful and pains- 
taking casts of the body, weighing the paper patterns, were able to 
compute the skin area from a series of measurements of the body by 
dividing it up into geometncal figures This work was known 
as the Linear Formula, whicli is the most accurate means of deter- 
mining body surface, and one w'hich should still be used for 
ver}'- obese persons or for individuals of extremely abnormal 
shape It has been found to hold for children over two years of age 
by Sawyer, Stone and DuBois (265). The average error for the 
Linear Formula is somewhat under 2 per cent It is a time consuming 
procedure to make all of the reqmred measurements 

Later DuBois and DuBois (73) devised an easier though shghtly 
less accurate means of predicting surface area from the height and 
weight. This formula is as follows’ 

A = weightoc^x height®”* X 7184 

w’here A = area in square centimeters the weight being in kilograms 
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and the height m centimeters This formula has been found by 
DuBois to be accurate ivithin the limits of ± S per cent 

Folloiving this Benedict (34) m 1916 dcscnbed a photographic 
method of determining surface area By this method the subjects 
are photographed in suitable posihons and the photographs are 
measured by means of a plammetcr The area of the body deter- 
mmed in this way agrees closely with the results obtained by the 
DuBois height-weight formula 

These methods have shown how totally inadequate was the formula 
of Meeh, with which the average error is 16 per cent, with a maximal 
vanation of 36 per cent In view of this fact it seems highly improb- 
able that the Lissauer formula for the surface area of cluldren is any 
more accurate than that of Meeh to which it is entirely similar 
(Mceh’s formula is A = 12 3 x-Va,*- Lissauer’s A = 10 3 X 

Benedict and Talbot (38) found that Lissauer’s formula could be used 
for obtammg the surface area of children provided that the value of the 
constant term was varied with different weights 

Faber and Melcher (86) have tested the DuBois height-weight 
formula in the measurement of area of infants under two years of age 
In a senes of 100 newborn babies, the area could be computed from a 
slightly modified height-weight formula with an average accuracy 
of ± 2 5 per cent The modified formula is A = weight” X 
height” X 78 50 

i Normal standards for the basal metabolism of adults 

As work was done with tlie more accurate measures of surface area 
it became apparent that the onginal statement of the Rubner-Ricliet 
law would require modification, for it was found that age and sex had 
disPnct effects upon the metabohsm of man Aub and DuBois (10) 
reviewed the available data on normal subjects up to 1917 and from 
these came to the conclusion tliat age and sex should be mtpr) mto 
account They proposed a tentative series of standards for the 
average heat producUon per square meter of skm area per hour for 
normal individuals from fourteen to eighty years of age From these 
average figures the normal metabolism was found to vary between the 
lunits of ± 10 per cent , 
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Standard basal metabolism {Anh and DuBots (10) ) 


Calorics per square meter per hour Area by height-weight formula 


ACE 

[ MALES 

TEMALES 

^eers 

14-16 

46 0 

43 0 

16-18 ^ 

43 0 

40 0 

18-20 

41 0 

38 0 

20-30 

39 5 

37 0 

30-40 

39 5 

36 5 

40-50 

38 5 

36 0 

50-60 

37 5 

35 0 

60-70 

36 5 

34 0 

70-S0 ; 

1 

35 5 

33 0 


Aub and DuBois (10) recognized the probability that these 
ards Tvould have to be modified from time to time as a larger s( 
normal individuals were studied These standards have been at 
in practically all American dimes. From various clinics havj 
many data confirming their validity, for instance the results 
study of persons of markedly abnormal shape, such as patienl 
simple obesity uncomplicated by pituitary disease studied by 
(201, 202), or dwarfs and legless men studied by DuBois and Au 
From a series of 127 nonnals Boothby and Sandiford (51) have 
92 per cent to have a metabolism within zt 10 per cent of th; 
dieted by the Aub and DuBois standards and that 99 3 per cen 
within zt 15 per cent 

Among the cinef opponents of the surface area law is Dr 
Benedict of the Carnegie Nutntion Laboratory in Boston I 
Benedict (33) concluded “that the metabolism or heat output 
human body, even at rest does not depend on Newton’s law of c 
and is, therefore, not proportional to the body surface ” 
quite obvious that tlie surface area law might hold, even thou 
theoretical explanations of Uie law n ere invalidated 

Harns and Benedict (118) lia’ve given an extensive critique 
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change m heat production at dififerent environmental temperatures is 
not proportional to the change in temperature The nature of the 
integument and the ability of the body to control the distribution of 
blood flowing through the skin and subcutaneous tissues, as well as 
the secretion of sweat, undoubtedly afifect tlie rate of heat loss at 
different environmental temperatures so Oiat Newton’s law can not 
be made to apply as it would in tlie case of a lifeless bodj This 
objection of Hams and Benedict to the law of coohng can not destroy 
the surface area law, however, if actual measurements of surface area 
and basal heat production show tliem to be proportional to each 
other 

Again Harris and Benedict (118) point out that dunng inamtion 
the decrease in heat production is out of all proportion to the decrease 
in weight or in body surface Also, a dog confined to the laboratory 
for a period without loss of weight or of surface area showed a de- 
creased metabolism These are important points in tliat they 
emphasize the importance of interpreting metabolism tests in tlie 
light of the nutritive condition of the subject, nevertlieless the wnter 
can not regard them as valid objections to the surface area law 
because the subjects of inanition eiqjcnments can no longer be re- 
garded as normal Starvation partial or complete if persisted in will 
eventually cause death It is obvious that a man can be maintained 
in a normal state only when he is receiving suffiaent food to fulfill 
his requirements The surface area law apphes to the metabolism 
of normal individuals 

Hams and Benedict (118) made an extensive statistical study of the 
relative values of body weight and body surface as a basis for predic- 
tion of the heat production of a subject The average deviations 
witli regard to sign of the predicted from the actually observed values, 
and the average deviations watliout regard to sign showed that the 
mean heat per umt of body surface was a better basis of prediction 
than the mean heat per unit of weight Similar results in favor of 
body surface were obtained when the bases of prediction were tested 
by the square root of the mean square deviation of tlie predicted from 
the observed values Likewise when prediction was made by means 
of linear regression equations a further advantage of body surface 
was found These authors conclude that with the best methods of 



12 


WILLIAJI S McCANN 


calculation the superionty of body surface over body weight as a 
basis of prediction is not very large 
Hards and Benedict then set themselves to the construction of 
multiple prediction tables by biometnc formulas involving no assump- 
tion concermng the derivation of surface area but based on direct 
physical measurements The equations based on data of observation 
of 136 normal adult men and 103 normal adult women are as follows 

For men h = 66 4730 -f 13 7516» + 5 0033s - 6 7550a 

For women k — 655 0955 9 5634w -)- 1 8496r — 4 6756o 

where h = total heat production per twenty-four hours in calories, 
w = weight in kilograms, s ~ stature in centimeters, and a = age 
in years The evaluation of these equations, which are used m the 
calculation of the theoretical heat production for any individual, 
requires merely the subsbtution of the actually measured weight, 
stature, and age The prediction of metabolism from birth to puberty 
is left for more complete discussion later when another pubhcation by 
Benedict and Talbot (38) wiU be considered 
Cnticism of the work of Harns and Benedict has not been lacking 
Boothby and Sandiford (51) have made a companson of the DuBois 
(10) and the Harris and Benedict (118) normal standards for the 
estimation of the basal metaboh’c rate In a series of 404 deter- 
minations there was an average difference of 6 5 per cent in the 
calculations based upon the two standards They have calculated 
the surface area of subjects whose heat production was predicted by 
the Harns and Benedict tables by divichng the predicted heat produc- 
tion by the corresponding prediction of DuBois and Aub for the heat 
production per square meter per diem "When the surface areas 
obtained in this way are plotted graphically on the same coordinates 
vath the surface area determined by the DuBois height-weight chart, 
the parallelism is staking, and the Harris and Benedict prediction 
tables have thus been utilized to strengthen the contention of Lusk 
and DuBois that the basal heat production, for a given age and sex, 
is proportional to the surface area. The chief discrepanaes between 
the two methods he in the difference in values attabuted to the factors 
for age and sex “Harns and Benedict, in their correlation formula, 
assume that a small subject will show more than tivice the percentage 
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decrease in heat production for advanang age than a large subject, 
while DuBois assumes that age affects ahke both small and large 
people ” (51) “Hams and Benbdict assume a reversed action for 
sex, depending on the sme of the subject, by predicting first that large 
men have a greater heat production than similar sized women and 
second that small women have a greater heat production than small 
men ” (51) Boothby and Sandiford conclude that the Aub and Du- 
Bois normal standards give the best method avadable at present for 
predicting the normal heat production, until Harris and Benedict 
prove that the effect of age vanes with size, or that the effect of sex 
IS different in small and large women 
Dreyer (71) has hkemse proposed several formulae for the predic- 
tion of metabolism These are based on age, sex, and one other factor, 
either weight, trunk length or arcumference of thorax, the constants 
being denved from the Hams and Benedict data The formulae are 
as follovs 

TF « net body \vtiglit in grams 
C = calones per 4 hours 
<= age m years 

C/i « arcumference of chest in cm 
X trunk length m cm 
IF" 

(1) n » approximately 05, Ki for females « 0 1127 and Kt 

^ ^ for males = 0 1015 

(2) 'Sphere n *= iCi for males = 1 567, and As for females « 1 597 

f^\ r t 3 

(31 “ p =" 1 37, and A’l for females =» 1 76 

(4) ~ = Ki where « == for males = 0 319, and Ki for females » 0 313 

IF" 1 

(5) ^ Kt ^here n =>—, iv( formales = 0662, and Aiforfemalcb = 0^0213 

Means and WoodwcU (208) have compared the accuracy of predic- 
tion of the basal metabolism of normal men by the DuBois height- 
weight surface area method (10), the Hams and Benedict (118) 
multiple prediction tables and by the Dreyer (71) body weight 
formula The average deviations were found to be essentially the 



14 


WILLIAM S MCCANN 


same b]*- each method, though the BuBois deviations tended to be 
about 2 per cent lower than either of the others. With six obese 
subjects the Harns and Benedict tables gave a slightly closer predic- 
tion than tlie other two formulae, though the differences by the 
latter methods were not significant In abnormal subjects the devia- 
tions by the three methods were essentially parallel, though on the 
average the Harris and Benedict deviation tended to be about 6 
per cent higher, and the Dreyer deviation about 7 per cent higher 
til an the DuBois 

Means and Woodwell (208) suggested a shght modification of the 
.BuBois standards (10), by subtracting from 1 8 to 0 6 calories per 
square meter per hour, winch would abolish the differences in predic- 
tion by the three methods They were careful to state that this 
would offer no material advantage, but since the DuBois method had 
been so long in use it was considered preferable to continue its use in 
the interest of uniformity Nevertheless, the Sanborn Company in a 
book on Basal Metabolism has given a table of modified standards of 
Aub and DuBois, under the name of these authors and without their 
sanction 


c. Nonnal standards for the basal vtetabohstn of children 

The problem of finding tlie normal standards of basal metabohsm 
in early life is a very difficult one The most recent pubhcation 
dealing •with the whole subject of basal heat production from birth 
to puberty is that of Benedict arid Talbot (38) These authors 
review the literature thoroughly Many of the children previously 
studied had not been observed under condibons in winch tlie basal 
metabolism could be ascertamed Even in their o-wn senes it is 
probable tliat tlie measured heat production of infants was 8 to 15 
per cent above the true basal level owmg to the effect of food The 
restlessness and crying of unfed infants would have introduced a far 
greater error The data from observations of a large number of 
children have been elaborately correlated in numerous graphs The 
mean lines represented “tlie resultant personal impressions of five 
skilled workers with metabohsm curv’-es From tlie average curi’^es 
of heat production per unit of body weight and per umt of body sur- 
face a test was made of the accuracy of prediction of the metabohsm 



CALOEIUETRY in medicine 


IS 


The percentage deviations of all boys on the basis of weight was ± 
7 4 per cent and on the basis of surface was ± 7 S per cent Above 
the weight of 10 Lgm the prediction was more stnkingly in favor of 
weight as the basis The prediction of metabohsm of girls was some- 
what less accurate than that of boys The scattenng of points on 
the graphs for both boys and girls was rather more marked than in the 
case of adults when heat production is referred to surface area For 
mstance, inth a surface area of 1 3 square meters one boy produced 
1096 calories per diem, another 1401, the difference being 28 per cent, 
from 0 80 to 0 85 square meters the variations were from 716 to 984 
calones, about 37 per cent, and at 0 53 square meters the variation 
from 456 to 684 calories amounted to about SO per cent 
The correlations of body surface referred to weight and of body 
surface referred to height show remarkably smooth curves, which are 
almost straight Imes This speaks for a remarkable uniformity in 
the normals selected and indicates that with normal children of a 
given weight that the heiglit varies little, and vice versa, wnth normal 
duldren of a given height the weight vanes but little 
The surface area measurements of Benedict and Talbot were made 
by the DuBois linear formula (72) (265) in nearly all cases, except in 
some of the smaller infants For these the Lissauer formula was 
used For the larger children these authors found that the Lissauer 
formula gave very good results when compared with the Linear 
formula, provided the K of the Lissauer formula were modified for 
different age and sex groups as follows 


Values of K tn the formula K rs/ IV for computmg body surface area 


BOYS 

GTRtS 

eight 

! A, 

U eight 

K 

Up to 6 kgm 

10 0 

Up 6 to kgm 

10 1 

6 to lo kgm 

10 6 

6 to 10 Lgm 

10 6 

15 to 25 kgm 

U 2 

10 to 20 kgm 

10 8 

25 to 40 kgm 

11 5 

20 to 40 kgm 

11 1 


Faber and INIelcher (86) hav e proposed the use of a modification of the 
DuBois Height Weight Formula for the prediction of surface area of 
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new bom infants This formnla differs from tlie onginal DuBois 
formula only in the value of the constant term 

A = weight" X height" X 78 50 

In a series of measurements of 100 new bom infants it was found to 
have an accuracy of ± 2 5 per cent as compared with the area deter- 
mined by the DuBois Lmear Formula 
Benedict and Talbot (38) have prepared a table of standards for 
the average heat production of normal boys and girls ranging in 
weight from 2 5 to 38 kgm This table is reproduced in part as 
follows* 


Basal heat production of boys and girls per 24 hours from body wctghtf 


BODY WETGITT 
NET 

PREDICTED HEAT 

BODY WEIGHT 
^ET 

PREDICTED HEAT 

Bojs 

Guls 

Boys 

Girls 

ken 

cahries 

calories 

tern 

calories 

calories 

2 5 

115 

110 

16 

755 

710 

3 0 

150 

150 

17 

780 

735 

3 5 

ISO 

185 

CO 

805 

760 

4 0 

210 

220 

19 

830 

780 

5 0 

270 

285 

20 

860 

’805 

6 0 

330 

350 

21 

885 

830 

7 0 

390 

405 

22 

910 

855 

8 0 

445 

460 

24 

965 

900 

9 0 

495 

500 

26 

1020 

950 

10 0 

545 

540 

25 

1070 

1000 

11 0 

590 

580 

30 

1115 

1045 


625 

610 

32 

1160 

1090 

13 0 

660 

640 

34 

1200 


14 0 

695 

665 

36 

1240 


15 0 

725 

690 

38 

1275 



* From Benedict and Talbot (3S) 


These standards are the best at present available Our knowledge 
of the metabolism in the prepubescent state must still be regarded as 
incomplete because of conflicting e\ndence from most reliable sources 
DuBois (74) studied 8 normal boys 12 or 13 years old Though they 
were A'ery quiet their metabolism was 25 per cent higher than the 
normal adult value per square meter of body surface. This increase 
in metabolism was attributed by DuBois to the greatly accelerated 
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growtli just preceding puberty These same boys were studied again 
two years later by Olmstcad, Barr and HuBois (229) who found that 
tlie heat production per umt of body surface had decreased 13 per 
cent, so that at the ages of 14 to IS it was only 11 per cent above the 
adult level In the three youngest boys the metabolism during the 
twelfth year was actually greater in calones produced than during 
the fourteenth year, although the boys shoued a gam in weight of 
between 35 and 50 per cent 

The findings of Benedict and Talbot (38) do not show any evidence 
of a greatly accelerated metabolism in the pcnod just before the onset 
of puberty, nor of a fall in metabohsm dunng adolescence In the 
face of contradictory evidence from the laboratones of two such 
norkers as Benedict and DuBois no conclusions may be drawn until 
much more evidence is available 

The metabohsm of premature and undersized infants has been studied 
by Talbot and Sisson (284) and by Murlin and Marsh (222) The 
former found an average heat production of 597 3 calories per square 
meter per diem in a senes of 22 premature infants varying in age from 
3 days to 3 months, or about 25 calones per square meter per hour 
Six of these infants, studied in the first eleven days, had an extraor- 
dmanly low metabohsm ranging from about 330 to 500 calones per 
square meter per diem These results are in substantial agreement 
nith those of hlurlin and Marsh (222), nho found an average of 

24 6 calones per square meter (Lissauer) per hour in a senes of 10 
new born infants all u eighing less than 5 pounds and 5 ounces Only 
6 of the 10 survived and these had an average heat production of 

25 8 calories per square meter per hour One of the mfants, who did 
not survi\e, was a case of sclerema nconotoriim, with a metabohsm 
of 24 06 calories per square meter per hour Tlus is the only record 
of the metabohsm in this disease 

d The hasal metahohsm in pregnancy 

Carpenter and Murlin (58) investigated the heat production of 3 
pregnant n omen just before and just after parturition The mothers 
showed a loss during partuntion of about 20 per cent of the ante- 
partum weight, and a reduction of about 14 per cent m heat produc- 
tion In tw o of the three eases the metabohsm of the child u as equal 
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to the difference in the mother’s metabolism Unfortunately 
calculations relative to surface area were all based on tlie unsz 
factory Meeh formula The relation of the metabohsni of the mot 
to body weight was almost identical before and after parturit 
These results agree ivith those of Hasselbalch (119). In Ha< 
balch’s case the oxygen consumption durmg the last month of p 
nancy was 17 per cent greater than it was six weeks postpartum 
an observation of Magnus Levy’s (quoted by Lusk) (166) the oxj 
consumption of a pregnant woman mcreased by 27 per cent betu 
the first and ninth month 

Murlin (215) studied the gas exchange of a female dog during 
pregnancies and durmg sexual rest In each pregnancy the e: 
heat production of the mother was proportional to the weight of 
litter at birth 

Baer (18) observed the basal metabolism of 44- normal women ! 
in pregnancy He found the oxygen consumpbon per unit of surJ 
area to be 33 to 35 per cent above that of the nonpregnant won: 
This increase was not beheved to be due entirely to the fetus beca 
3 days after delivery the average metabolism was still 15 per c 
above normal, reaching the normal basal level from 7 to 10 d 
postpartum Baer found that death of the fetus could be detected 
the finchng of a basal metabohsm which was below the average of 1 
series in a woman othemuse normal It is very unfortunate t 
Baer failed to give more of the actual expenmen tal data m his pu 
cation, and that a more reliable form of apparatus was not used 

Root and Root (260) report the measurements of the basal i 
tabolism from the fifteenth week of pregnancy to the eighth w 
postpartum The subject was a perfectly normal primipara 
basal metabohsm in the fourth month was normal, but from that ti 
on mcreased steadily up to eleven days before delivery, when the tc 
calones were 23 per cent greater tlian in the fourth month "I 
calories per unit of body n eight were found to have increased 
per cent in the same period Following dehvery though the subjei 
weight remained the same the heat production per imit of weight i 
9 6 per cent below that of the fourth month of pregnancy £■> 
tliough the subj'ect herself was perfectly quiet considerable variati' 
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that these unexplained variations might have been due to fetal 
movements 

These authors have very wisely pointed out the necessity of de- 
veloping normal standards for the basal metabolism of pregnancy from 
tlie study of normal pregnant women 

c EJfects of climate and other eimronmcmal factors on the basal 
meiabohsm 

So far this discussion has dealt with the basal metabohsm of normal 
subjects in the temperate zone only Whether the same standards 
for normal heat production are apphcable in the tropics or in the 
arctic regions has not yet been determmed That the basal me- 
tabolism of white men in the tropics is lower tlian in temperate 
chmatcs is maintained by de Almeida (3) This author studied ten 
white men between the ages of twenty-three and forty years, who 
resided between the latitudes of 1° 37' S and 22° 54' S , m a region 
with a mean temperature variation from 20 6° to 25 6°C and a hu- 
midity from 78 to 88 per cent The observations were made at jRio 
de Janeiro ivith tlie Tissot method The average heat production was 
found to be 30 3 calories per square meter (height-weight formula) 
per hour, which is about twenty-three per cent below the DuBois 
standard The lowest heat production was 25 7 calones per square 
meter per hour, the highest 32 4 The vanations from average 
normal were from rmnus 35 per cent to minus 18 per cent The 
higher values were observed in subjects who led active lives, the 
lowest heat production was that of “a professor who never walked 
about or exerted hunself in any way ” 

The same author (3) studied ten negroes, males between twenty 
and forty-four years of age, who showed a mean heat production of 
32 86 calones per square meter per hour w'hich is seventeen per cent 
below the DuBois standards The lowest heat production among the 
negroes was 26 3 calones per square meter per hour 
Young (301) reports observations of metabohsm of normal white 
men residing at latitude 19° south He found that durmg the hot 
season of the year the metabohsm was greater than in tlie cooler 
season, except on certain days m the latter when the rate of cooling 
w as sufficiently great to induce shivenng The eiqilanation given for 
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the greater metabolism in the hot season is that during the hot moist 
weather the activities of the subject precedmg the observation had 
led to an elevation of body temperature due to the low rate of cooling. 

The studies of Eijkman (84) on the food consumption of white men 
and Malays living in the tropics do not indicate that the heat pro- 
duction is lower in hot chmates More recently Knipping (145) 
has arrived at similar conclusions as a result of studies made with a 
small respiration apparatus 

Lindhard (158) investigated the seasonal variations m respiration 
and metabohsm In only two. of his subj'ects was the basal metab- 
olism followed throughout the year With one of the mdividuals the 
maximum variationm oxygen consumption throughout the year was four 
per cent The other individual showed a progressive rise in oxygen 
consumption from February to August, falling in September, with 
some irregularities tliereafter assoaated vuth change of habits during 
tlie holiday season The variation was 10 5 per cent of the lowest 
value These seasonal vanations were attributed by Lmdhard to the 
varj’^mg intensity of the sunhght He noted an increase in metabolism 
during four days following a light bath The seasonal variation in 
oxygen consumption is too small to be of significance The strikmg 
thing is the relative constancy of oxygen consumption as compared 
with the marked seasonal changes in the respiration 

The effect of posture in the metabolism is not negligible Emmes 
and Riche (85) foimd that the heat production was eight per cent 
greater witli the subject sitting up than lying down Soderstrom, 
Meyer and DuBois (279) found that a subject reclining in a steamer 
cliair produced 3 per cent less heat than when lying flat in bed Lusk 
(166) has given a very excellent review of the literature of the effects 
of temperature, humidity, wind, hght, hot and cold baths, clothing 
and the effects of electncal currents 

That the basal metabolism is not much changed by ascent to high 
alliiitdcs is shown by the work of Durig and Zimtz (81), and Douglas, 
Haldane, Henderson and Schneider (69) More recently Schneider 
(268) observed an individual whose resting metabolism was fifteen 
per cent greater before acclimatization than it was after this had 
occurred No sigmficant cliange in the basal gas excliange occurred 
in tlie subj’ects of Hasselbalch and Lindhard (120) when placed in a 
diamber at low oxygen tensions 
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f Nitlrilue dislnrbmices and basal melabohsm 

The problem of the underweight individual is an interesting one 
Blunt, Nelson and Oleson (43) found that underweight children about 
fourteen years of age had a higher metabolism than that of a group of 
normal children of the same age, and that the metabolism was some- 
times as high as forty per cent above that read from the curves of 
Benedict and Talbot (38) and in most cases higher than the highest 
observed heal production of the children of the same weight from 
which the curve was drawn 

For infants suffering from severe malnutrition Talbot (283) found 
that the metabolism per unit of weight and of body surface was 
likewuse increased His conclusions were based on analysis of his 
own data, as well as the previous work of Howland (132) and of 
Murhn and Hoobler (219) The metabolism of infants with mal- 
nutrition was not found to be greatly changed until the weight loss 
reached 20 per cent As fat is lost tliere is less insulation against heat 
loss, and the looseness of the skin probably augments still further the 
relative increase of body surface as compared with weight These 
factors tend to increase heat loss When the beat loss becomes greater 
than heat production the body temperature tends to become sub- 
normal It IS of interest that m this paper Talbot (283) practically 
admits the possibility of a causal relationship between heat loss and 
heat production 

In Tablot’s analysis of these cases of malnutrition the metabolism 
per kilogram of actual weight is the higher the greater the degree to 
which the subject was underweight The heat production per kilo- 
gram of normal weight lies within normal limits for many of his sub- 
jects, and below normal limits for the most severe cases This 
finding would indicate that the loss of inert fat alone had occurred in 
the milder cases, while in the more severe cases there was a reduction 
in amount of active protoplasm 

Ihe effects of inanition on the metabohsm have been recently 
reviewed by Lusk (173) The surpnsing fact is brought out that 
partial inamtion produces practically as great a decrease in heat 
production as does complete starvation Lusk calculates that 
Benedict s fasting man (24) lost 16 per cent of his body nitrogen with a 
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reduction in heat production of 29 per cent, and that Benedict’s 
Squad B (37) lost 3 per cent of their body nitrogen with a reduction 
of 32 per cent in metabohsm due to a reduction of food intake from 
4000 to 1375 calories per diem Lusk (173) points out that there 
appears to be “a biological adaptation to a lowered energy intake, 
preventing the exhaustion of the reserve of body fat ” 

Wlien the reserve of body fat is depleted the body is no longer able 
to spare its tissue proteins The mcreased metabohsm of protein is 
associated with an increase in heat production This is well illus- 
trated in the observation on themselves made by Zuntz and Loewy, 
who are quoted by Lusk (173) Loewy’s metabohsm before the war 
was 726 calones per square meter Due to inanition it had decreased 
to 631 calories per square meter per dtem in 1916 In 1917 Loewy’s 
mtrogen metabohsm increased rapidly and at the same tune his heat 
production rose to 738 calories per square meter per dtem 
These observations of the effect of inanition on the metabolism of 
previously healthy individuals are important m consideration of 
inanition occurring as the result of disease In evaluating the effects 
of a disease upon the total metabohsm the nutritive condition of tlie 
patient must be kept in mind 

The adequaej’’ of a diet is not determined by its energy value 
alone The amount and quality of the protein constituents are of 
great importance However, there have been no studies of the effect 
on the heat production of man induced by a diet contammg only 
proteins of low biological value A very few studies have been 
made relative to the effects of vitarmne deficiencies on the metabolism 
of fowls, and on the results of deficiencies m mmeral constituents 
These should be fertile fields for further investigation 
Pedotti (238) reported experiments in which the metabolism of rats 
was measured while they were fed with diets deficient in calcium A 
lowered value for the metabolism of these rats was found It is not 
clear tliat this reduction was due to tlie calcium deficiencj’- or whether 
it V as the result of the ingestion of potassium, by the adnumstration 
of vhich it was hoped to deplete the body of calcium 
Ramoino (247) was the first to study the gaseous exchange of pigeons 
led on a diet of polished rice This writer found that the respiratorj’^ 
quotients of tliese pigeons fell progressive^ until at tlie time of 



caloehietey in medicine 


23 


development of the symptoms of polyneuntis quotients from 0 4 to 
0 5 -were obtained The lowering of the quotients was due to increase 
m oxygen consumption rather than to a relative decrease in carbon 
dioiade production The abnormal quotients and tlie variance of 
the results of this author as compared with the later work of Novarro 
(227) and of Anderson and Kulp (5) are probably the result of faulty 
tecimque 

So far as the writer can discover no study has been made of 
amiaimnosis m man Novarro (227) compared the effects of starva- 
tion and of a polished rice diet on the metabolism of doves Dunng 
starvation the doves lost weight, developed subnormal body tem- 
peratures, and eliminated progressively less heat per square centimeter 
of body surface The heat production fell to from 40 to 66 per cent 
of the normal value, when the body weight had decreased from 23 to 
32 per cent Doves fed on polished nee took less food, lost weight, 
showed a markedly lowered heat production and a corresponding fall 
in body temperature 

Novarro (227) found that in the recovery from fasting the metab- 
ohsm increased above the normal value as the temperature rose to 
normal, the effect lasting 5 to 6 days A sirmlar behavior was noted 
dunng the recovery from polyneuritis 

Anderson and Kulp (5) have reported quite similar studies dunng 
the development of polyneuntis in poultry There was a loss of 
appetite and a dimimshed consumption of food, with a coinadent 
low'ering of metabolism amounting in some cases to 40 to SO per cent 
Digestion and assimilation ceased and the respiratory quotients w'ere 
lower dunng polyneuntis, but no quotients similar to those of Ramomo 
were noted WTien the fowl recovered from polyneuntis the me- 
tabohsm rose qmckly but the appetite remained poor and the gain in 
w eight was slow 

g Day to day vartaltons tn basal metabohsm 

Before beginmng a discussion of the basal metabohsm in disease 
it IS well to consider the extent to which tlie metabohsm of normal 
individuals may vary from day to day The number of pubhshed 
reports of repeated obsera ations on tlie same individual is not large 
In tlie expenments of Lindhard (158) a remarkable constancy of 
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metabolism was found through a period of a year Lusk (173) quotes 
from Zuntz’ and Loewy's observations on themselves Between 
1888 and 1910 the metabolism of Zuntz averaged 787 calories per 
square meter per dmn, with variations of 2 5 per cent These 
hower'er, are observations on trained subjects In the writer’s 
opinion tlie chief factor insunng greater constancy of tlie metabolism 
of trained subj'ects, as compared with untrained individuals, is tliat 
in the case of a trained subject the conditions of life preceding the 
observations are usually more ngidly controlled Even trained 
subjects residing at a distance from the laboratory are exposed to 
widely different environmental conditions In a considerable ex- 
perience Avith hospital patients, who were untrained subjects, the 
writer has been impressed with the small variations in metabolism 
on repeated observations These untrained subjects from hospital 
wards are kept under unusually constant environmental conditions 
On the other hand workers like Benedict (33) emphasize the vanability 
of tlie basal metabohsm When one considers that Benedict’s 
subjects come to the laboratory in the morning from their homes, 
having been exposed en route to all sorts of varying conditions of 
weather it is not surprising that considerable variations in basal 
metabohsm should be observed The same factors must enter into 
determinabon of the metabohsm of dispensary or oflhce patients, 
and should be taken mto consideration in the interpretabon of results 
If tlie reader has any doubts as to the importance of the effects of 
environmental temperature, humidity, ivind, and kind of clothing, he 
is referred to a verj'’ complete discussion of the subject by Lusk, in 
his Science of Nutation, Chapter LV. 

hlcans (209) emphasizes the importance of the effect of emotional 
disturbances on the basal metabohsm These disturbances are not 
uncommon in pabents on being first subjected to experimental ob- 
servation, espeaally in women and children DuBois has always 
emphasized the importance of carrjnng out a “dummy” experiment 
on the day preceding the first actual observabon in order to allay the 
fear of the patient regarding an unknown procedure 

Blunt and Dye (43) have reported 216 observations on 17 normal 
women from 21 to 44 years of age. The daily variabons noted were 
auite larve The ereatestdifferenceofmaximumabovemmimumbasal 
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metabolism was 28 8 per cent, and the lowest 7 4 per cent, and the 
average 13 2 per cent Only six of the seventeen subjects showed a 
range lower than 10 per cent It should be pointed out again that 
these individuals were subjected to much more vanable conditions 
preceding the obsen'ations than is usual witli hospital patients, 
though they are quite comparable to dispensary and office patients 
The custom in DuBois’ clinic of considering the normal zone of 
metabolism to he between the limits of ±10 per cent of tlie average 
(total range of vanation 20 per cent) seems justifiable with hospital 
patients However, ivath subjects who are ambulatory it is better 
to extend this to the limits of ±15 per cent alloiving a maximum 
variation of 30 per cent between the highest and lowest normal 
basal metabolism 

Blunt and Dye (43) supply very important mformahon relative to 
the alleged effect of the menstrual cycle on the metabolism of women 
They found that the average of menstrual and intermenstrual obser- 
vations was the same and that no rhytlimical penodic vanabons m 
metabohsm could be noted This confirms the findings of Zuntz and 
of Gephart and DuBois (96), and is at variance ivith the findings of 
Snell, Rowntree, and Ford (277), and of Rowe and Eakin (261) 
The latter did not publish the details of their experiments 

h The basal mclabohsm tn disease 

At the Mayo Chnic studies have been made of the respiratory 
exchange of an enormous number of hospital pabents Boothby 
and Sandiford (SO) have been able to analyze the results of metabolism 
detcrminabons upon 8614 subjects, with reference to the variations 
from the average normal standards Of these subjects 6197 were 
pabents witli thyroid disease Of tlie remaimng 2417 subjects, 77 
per cent gave results which Mere wathin the limits of ±10 per cent of 
the Aub and DuBois‘(10) standard values, while 90 per cent were 
ivithin the limits of ±15 per cent of average normal (Aub andDuBois) 
Tlus indicates that there are relabvely few diseases, other than those 
of the thyroid gland, m which the basal heat produebon vanes 
markedly from normal Means and Burgess (210) have reported 
the results of determinabons made upon 1000 pabents, the majonty 
of whom had, or were suspected of haimg, thyroid disorders, though 
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patients with various blood diseases, disorders of other endocrine 
glands, and various miscellaneous diseases were included The 
numerical preponderance of thyroid disease as a cause of abnormal 
basal metabohsm does not justify the assumption that the variations 
in heat production observed in other diseases are insignificant The 
extensive investigations of these authors serve to emphasize the 
necessity of interpreting metabolism tests only in the hght of the most 
thorough clinical study. 

Thyroid disease Patients with Basedow’s disease were observed 
by Friederich Muller to lose body weight and nitrogen in spite of an 
intake of food which would have been adequate for normal individuals 
From this Muller predicted that the metabolism m this disease would 
be abnormally high. This prediction was confirmed by Magnus 
Le\y (178) in 1895 This author gave thyroid gland to a normal 
girl, aged 23 years, height 156 cm , weight 77 kgm The basal 
metabolism of this subject before taking th 3 Toid gland was within 1 
per cent of the average normal standard of DuBois and Aub (10) 
On the 19 th day of the administration of thyroid extract the oxygen 
consumption was found to have increased 12 per cent Magnus 
Le\^ (178) tlien studied three patients with Basedow’s disease, 
finding that their oxygen consumption per kilogram of body weight 
W'as much in excess of that of three normal subjects In 1904 he 
(182) reported the findmg of low metabolism in myxoedema The 
results of these studies received abundant confirmation in many 
dimes A full appreaation of the importance of these contnbutions 
was not possible untd normal standards for basal metabohsm were 
made available by the work of DuBois (75, 77). His announcement 
in 1915 and 1916 of his investigations of the metabohsm in thyroid 
disease was the starting point of tremendous activity in this field. 
DuBois pointed out the dose correlation betu^een the degree of vana- 
tion from tlie average normal metabohsm and the seventy of the 
chmeal manifestations of thjToid disease The close paraUehsm 
made it possible to use the measurement of basal heat production as 
the most accurate cnterion for determimng the eflicacy of treatment 

The application of tlus method of study to the numerous cases of 
thyroid disease at tlie jNIayo Clinic has enabled Plummer and Boothby 
to make most valuable contnbutions to the dassification of these 
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disorders The most recent analysis of their material (about 6200 
cases) IS given by Boothby and Sandiford (SO) Bypcrlhyrffidtsm 
occurred m patients mth evophthalinic goitre, in certam patients vuth 
adenomata of the thyroid, in a number of cases of thyroiditis, and m 
some subjects with malignant tumors of the thyroid Of the patients 
with exophthalmic goitre 98 per cent showed variations of more than 
10 per cent above Uie average normal values of DuBois and Aub 
Seven per cent were observed to be within the limits of ±15 per cent 
of normal Of patients ivith thyroid adenomata (2536) only about 
56 per cent showed evidences of hyperthyroidism, ivith tlie basal 
metabolism more than 10 per cent above average normal Slight 
increases (16 to 20 per cent above average normal) were noted m a 
small number of patients ivith colloid goitres, of whom the vast 
majority proved to have a metabohsm within normal limits 
The occurrence of low rates of metabohsm in patients with cretimsm, 
spontaneous myxedema, and post operative myxoedema was noted 
In a senes of 86 cases, 90 per cent of whom had low metabolic rates the 
chmcal diagnosis of hypothyroidism was “questionable ” Plummer 
states that the edema of myxedema becomes recogmzable when the 
basal metabolism is 15 to 17 per cent below average normal A very 
excellent correlation between the clmical mamfestations and basal 
metabohsm in myxoedema has been made by Sturgis (282) 

Plummer, who has compared the phenomena attending the elevation 
of metabolism by thyroxin with those occurring in the hyjierthy- 
roidism of patients with thyroid adenomata, concludes that the 
condition of such a patient is one of pure hyperthjToidism (2-iA) 
On tlie other hand he does not think the phenomena of exophthalmic 
goitre are those of pure hyperthyroidism B oothby gives an excellent 
tabular comparison of the chmcal findings and metabohsm stuoies of 
these two principal groups of patients with hyperthjTOidism (49) 
The striking fact is brought out that when hyperthjToidism occurred 
under 40 years of age, it was due to exophthalmic goitre in 87 per cent 
of the cases The cases with adenoma were m general cnaractenzed 
by the longer duration of goitre before the onset of hiperthjToidism 
by the tanty of exophthalmos, absence of palpab'e thnlls or brmti 
over the thyroid area, and a lower average demtion irom average 
normal metabohsm than m the case of exophthalmic 'mitre 
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That all the symptoms of exophthalmic goitre (Graves' Syndrome) 
cannot be explained by hypertUyroidism is a view held by Kessel, 
Lieb, and Hyman, who have contributed most valuable studies of this 
disease (141, 142, 143) Certain “sympathomimetic” symptoms 
distmguish the Graves' Syndrome from the h)^erthyroidism induced 
by admimstration of active thyroid preparations They point out 
that thyroid hyperplasia and thyroid adenoma may exist for years 
without at any time causing sympathomimetic symptoms (such as 
tachycardia, exophthalmos, tremor, sweating, asthenia, diarrhea) 
These s}Tnptoms they believe to be due to a disturbance in tlie invol- 
untary nervous system They differentiate from true exophthalmic 
goitre a group of patients who present the evidences of “autonomic 
imbalance” whose basal metabolism is normal (141) True exoph- 
tlialmic goitre is a diagnosis used by these authors only when there 
is found to be an elevated basal metabolism in patients noth these 
sjunpathomimetic symptoms They acknowledge that this con- 
stitutes a ratlier arbitrary division of their cases, and make it clear 
that they do not regard the changes in the thyroid gland as being causa- 
tive of the disease, as there are many reasons for beheving them to be 
secondary 

Whatever may be tlie correct view concerning the etiology and 
pathogenesis of exophthalmic goitre, these studies of Kessel, Lieb, 
and Hyman serve to emphasize the existence of a considerable group 
of individuals who present many of the clmical mam'festations of the 
syndrome described by Graves in 1835, v/hose basal metabohsm may 
be normal These patients are recognized by Means as “borderline” 
cases hleans and Burgess (210) find that “patients with atypical 
or incomplete evidence of abnormal thyroid function may show normal 
or abnormal metabohsm The majonty show normal metabohsm ” 
Judgment concerning the nature of the disorder presented by these 
borderline patients must be deferred until further studies have been 
made 

One may now ask, what is the role of the basal metabolism deter- 
mination in the diagnosis of thyroid disease? Means and Burgess 
(210) state the answer to this question in a very rational way They 
conclude tliat: 
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1 Patients with an outspoken clinical picture of hyperthyroidism in- 
vanably show increased metabolism, and those with definite clinical pic- 
tures of hypothyroidism invanably show decreased metabolism Those 
with goiters, but no signs or symptoms of abnormal thyroid function, for 
the most part show normal metabohsm 

3 By inference from the indirect evidence we believe that m these 
borderline thyroid cases, provided that in the first place a true basal rate 
IS secured, and, provided that certain well recognized causes for increased 
metabohsm, such as fever, acromegaly, leukemia, and severe anemia are 
excluded, the finding of increased basal metabolic rate is strong presumptive 
evidence of hyperthyroidism In a similar way, provided that such con- 
ditions as starvation, h)rpopituitansm, and hyposuprarenahsm are excluded, 
a low metabolic rate is strong presumptive evidence of hypothyroidism 

4 To that extent, then, the metabolism test is distinctly useful in 
differential diagnosis Like all other laboratory tests it should only be 
interpreted with due regard to aU other climcal and laboratory findings, 
and with due regard for its hmitations and pitfalls 

Metabolism determinations are unsurpassed as an objective means 
of measunng the seventy of hyperthyroidism or hypothyroidism and 
the response to various forms of treatment The administration of 
active thyroid preparations to patients with myxoedema and cretmism 
can be accurately controlled As a result of his studies of hypo- 
thyroidism Means estimated that doses of from 3 to 4 grains of thyroid 
extract daily should be ample to bnng the metabolism to normal m 
two or three weeks, and doses of 1 to 2 grains daily should usually be 
suffiaent to keep it there The requisite dosage of Kendall’s thyroxin 
may be more accurately predicted Plummer estimates that "the 
tissues of an average normal man (exclusive of the thyroid) contain 
14 mgm of thyroxin, and that this tends to be exhausted at the rate 
of 0 75 to 1 mgm daily A shift of 1 mgm thyroxin in the tissues of 
the body is accompamed by a corresponthng nse or fall in basal 
metabohsm of between 2 and 3 per cent Fourteen milligrams of 
Uiyroxin given to a thyroidless individual is not fully exhausted until 
from the end of the fifth to the eightli week Two milligrams of 
tliyroxm a day may keep the basal metabolism from 20 to 30 per cent 
above normal, 3 milhgrams a day may hold the basal metabohsm 
50 per cent above normal" (244, 245) 
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The following table taken from a pubhcation by Boothby will be 
of value to those who wish to use th 3 TOxin (49, 245) 


Increase m basal metabolic rale from tnlravenous injection of thyroxin 



Increase per mgm 
Average vanation 
Largest + Variation 
largest — Variation 

0 ft 

0 7 = 25% 

2 8= 100% 
18= 64% 

Increase per mgm per square meter 4 7 
Average vanation 11= 23% 

Largest + Vanation 2 9 = 60% 

Largest — Vanation 2 9 = 60% 

1 

DIFFPRENCE 

FROM AV'RRAGE 
^ORJfAL 
lIETAnOLlSM 

VARIATION IJT CALORIGEVETIC ACTIOS' 

rrpEVDisc ov originai. level 
or basal metabolism 

VARIATIOV IK GALOP TCrNETlC ACTION 
DEPENDING ON SIZE OF DOSE 

Av crage 
dose 

Increase 

per 

milligram 

Average 
dose per 
square 
meter 

1 

Increase 

per 

mjlligram 

per 

square 

meter 

Average 

dose 

Increase 

per 

milligram 

Average 
dose per 
square 
meter 

Increase 

per 

milligram 

per 

square 

meter 

per cent 

tngm 

per cent 

mgm 

per cent 

frgm 

per cent 

tfigm i 

per cent 

to —14 

8 1 

3 3 i 

5 7 

5 0 

4 8 

3 5 

3 6 

5 0 

-15 to -19 

9 1 

2 3 

5 1 

3 9 

6 9 

2 8 

5 2 

5 0 

-20 to -24 

7 3 

2 9 

4 6 

4 6 

S 8 

2 9 

7 0 

5 2 

-25 to -29 

10 9 

2 8 

0 2 

5 0 

11 2 

3 3 

' 9 3 

4 8 

-30 to -34 

14 8 

2 9 

9 2 

4 9 

16 0 

2 6 

11 5 

2 7 

—35 and belov/ 

15 5 

3 0 

8 6 

5 1 

24 0 

1 6 

13 2 

3 0 


Wlule sucli a table may be of great service in determining imtial doses 
of the drug for patients, the variations in calorigenetic action are 
suffiaently marked to make it necessary to control the administration 
by means of metabolism determinations 

By means of repeated observation of the basal metabohsm it has 
been possible to compare the results of various methods of treatment 
of hy^ierthyroidism DuBois (75) found that mental and physical 
rest was the surest means of securmg a decrease in metabohsm He 
observed that in three out of four cases ligation of the thyroid arteries 
caused an increase in metabohsm of unknown duration It lasted for 
several weeks The wnter has also observed this occurrence It is 
not invariable for such an increase to occur after arterial ligation, when 
a rise occurs it is probably due to rough handhng of the thyroid,with 
consequent hberation of an excess of thjrroxin In a study of several 
cases in which the hgation operation v/as done by Dr Emil Holman 
in tlie surgical dime of the Johns Hopkins Hospital no rise in metab- 
olism was observed followmg operation 
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Boothby (49) reported the operative results in 284 cases of ex- 
ophthalmic goitre and adenoma Of cases requmng two prebmmary 
bgations and a penod of rest followed by thyroidectomy the average 
metabohsm was reduced from 68 to 20 per cent above average normal 
rate Of tliose reqmnng one bgation followed by thyroidectomy the 
reduction was from 60 to 17 per cent above normal For pnmary 
thyroidectomies the average vanation before operation was +36 
per cent and after operation 8 per cent Reports such as tlus show 
that at least temporary rehef of hyperthyroidism may be obtained by 
surgical procedures The late results of this senes of cases has not 
yet been reported While undoubtedly many patients obtain per- 
manent benefit from surgical treatment a recurrence of hyperthy- 
roidism IS nobced in a certain proporbon of the cases of Graves' 
disease following a period of temporary relief 
Means and Holmes (211) of the Massachusetts General Hospital 
report a senes of observabons of the effect of tlie Roentgen-ray 
beatment of hyperthyroidism Their recent senes of cases covering a 
period of three years included 44 patients with exophthalmic goibe 
and 14 with adenomata About two-thirds of the pabents with 
exophthalmic goibe either recovered or improved under Roentgen- 
ray treatment The remaming third neither improved nor grew 
worse Some pabents who were not cured were made better operabve 
nsks Only such pabents wrth adenomata who had refused operabon 
were treated with Roentgen-rays 

Richardson (2S2), also of the Massachusetts General Hospital, 
reported the results of beatment of 30 cases of axophtlialmic goibe 
beated by subtotal thyroidectomy Since both the surgically treated 
and the Roentgen beated cases were in the same hospital, under 
idenbcal condibons, and studied in the same metabohsm laboratory, 
Richardson’s companson of the two senes of cases is of great value 
On the basis of the metabohsm tests and weight curves he concluded 
that subtotal thyroidectomy was a more effecbve form of treatment 
than the Roentgen-ray beatment He concedes that tlie latter 
treatment produces benefiaal results and that in selected cases the 
Roentgen-ray may be used for a period of 4 montlis (about S beat- 
ments) If after 4 months the degree of improvement m general 
condibon and basal metabohc rate do not promise “cure,” operabon 
should be undertaken 
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One of tlie diJEculties hitherto experienced in deciding on the merits 
of any form of treatment of exophthalmic goitre has been the absence 
of any control series of untreated cases No one had any accurate 
data regarding the spontaneous course of the disease Kessel, Lieb 
and Hyman (143) are making a most valuable contribution to the 
subject in furmshmg a series of carefully studied untreated cases of 
exophthalmic goitre Their patients, 38 in number, were simply 
placed under ideal conditions in a hospital ward A striking tendency 
was noted for the metabohsm to decrease, and this was more rapid 
than the average in Means and Aub’s Roentgen-ray series (206). 
On an average, four months after their admission to the hospital 
these patients of Kessel were restored to econormc and social 
usefulness 

In regard to tlie treatment of cretinism Talbot and Moriarty (285) 
believe tlie determination of the basal metabohsm to be of the greatest 
value These authors compared the heat produchon of 10 cretins 
with tlie normal curves established by Benedict and Talbot (38) for 
the metabohsm of children per unit of body surface area, and found 
it was below normal in all their cretins The doses of thyroid ad- 
ministered were regulated so as to brmg tlie metabohsm up to the 
expected metabohsm of normal children of the same age They 
believe that a correct diagnosis of cretimsm can be made as earl}'^ as 
the third month of life It is strongly recommended that treatment 
be commenced at the earhest possible date so that proper develop- 
ment may take place In 1922 Talbot (286) stated that it was still 
difficult to draw conclusions regarding the normal standards for 
metabohsm of children and issued a warmng against themterpretation 
of studies of patliological metabolism at the present time The 
diagnosis of cretimsm at any age should never depend upon a metabo- 
lism test alone 

The basal metabolism in fever Many reviews of this interesting 
subject have been made (102, 148, 149) One of the best, which 
covers the hterature up to 1909, is that of Richter (257) More 
recently Barbour (19) has dealt vath the mechanism of temperature 
regulation The most recent review of the calonmetry of fevers is 
tliat of DuBois (78), who has been able to make some highly important 
generahzations as the result of the long series of studies of various 
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fevers which have been carried out in his dime dunng the past twelve 
years 

The first of these investigations concerned t 3 T)hoid fever Coleman 
and DuBois (63, 64) found the metabohsm of typhoid paUents to be 
from 36 to 40 per cent above normal The level of the basal metab- 
olism did not appear to be changed appreaably if the patients were 
given the so called “Ingb calorie diet” of Coleman (62), which supplied 
as much as 170 calones per kilogram of body weight The basal 
heat production was found to vary in a curve roughly parallel to the 
body temperature At the height of the fever it was usually about 
40 per cent above normal, but sometimes as high as SO per cent The 
respiratory quotients were normal, indicating that the intermediary 
processes of metabohsm, were not grossly altered Toward the last 
days of fever there was a notable tendency of the respiratory quotients 
to nse Direct and indirect calorimetry agreed within 2 2 per cent, 
a truly remarkable technical feat 

Malarial fever was studied by Barr and DuBois (21 ) Except for 
the period of the chill the level of the heat production was found to be 
roughly proportional to the body temperature The chill, at the onset 
of the malanal paroxysm greatly increased the heat produebon (200 to 
300 per cent) The heat ehminabon was also shghtly increased but 
not in proporbon to the rise in heat produebon The net result was a 
retenbon of heat within the body and, in consequence, tliere was a 
nse of body temperature The chill having ceased, the metabohsm 
remamed elevated above bie normal basal level As the body tem- 
perature fell the heat lost greatly exceeded the heat produebon of the 
body, which was only shghtly above the normal afebrile level Barr 
and DuBois pointed out that there are ivide differences in the tem- 
perature of various parts of the body dunng fever They devised 
a method of calculabng the chang* in average body teniperature 
based on the estimated Specific heat of tlie human body (about 0 83) 
and a knowledge of the net gam or loss of heat The absolute level 
of this average body temperature could not be ascertained It was 
assumed to be about 0 5°C below the rectal temperature Inhere was 
a close parallehsm between the rectal and the average body tem- 
perature, though changes in the course of the former generally pre- 
ceded those of the latter 


MtDiciNr TOr- m no 1 
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Barr and DuBois quote the classic work of Liebermeister (155) on 
the malaria paroxysm, and also that of Likhachev and Avrorolf (156), 
who used the Paschutin calorimeter 

The metabohsm in tuberculosis was studied by McCann and Barr 
(190) and later by McCann (191) During periods when the body 
temperature was normal tuberculous patients were found to have a 
basal metabolism within normal limits or slightly above normal As 
the body temperature rose the metabolism increased, so that in a 
patient whose rectal temperature was 40°C (104°F.) the metabohfem 
might be about 30 per cent above the average normal value The 
actual heat production of the tuberculous patients was found to be 
below that which would have been normal before loss of weight 
occurred In other words the loss in weight and consequent decrease 
in body surface area are accompanied by a proportionate decrease in 
heat production 

Grafe (109) however reported that in afebnle tuberculosis the 
metabolism might be from 20 to 36 per cent above the average normal 
of Aub and DuBois (10) This, the wnter believes, is an erroneous 
conclusion Grafe’s patients were kept from 4 to 7 hours in a Jacquet 
chamber In such a long period of observation it would require 
superhuman efforts to remam motionless Grafe had no means of 
recording the movements of his patients 

In a study of 15 cases of afebrile pulmonary tuberculosis, 8 of whom 
had active lesions, Kocher (146) found the basal metabolism vaned 
but a few per cent above to a few per cent below the average normal 

Pierson (242) found marked variations in the basal metabohsm of 
tuberculous W'omen associated with vanous phases of the menstrual 
cycle The experimental results were given only in graphs The 
fluctuations in 5 afebnle cases were almost unbelievably large, cover- 
ing a range of from 30 to 35 per cent. Pierson believes that there is 
a premenstrual rise m metabolism witli a post menstrual faU Wake- 
ham (294), who IS the latest contnbutor to tlie subject of the effect of 
menstruation on the metabohsm states that “the considerable daily 
fluctuations observed in basal metabolism, even when every possible 
precaution to secure uniformity of conditions is taken, easily masks, in 
any individual case, smaller variations due to some regular function 
like menstruation ” Wakeham based his conclusions as to the effect 



CAIORIMEXRV IN MEDICINE 


35 


of menstruation on metabobsm on a statistical study of 98 observa- 
tions on 24 M omen He found tlie average of all premenstrual deter- 
minations to be 4 per cent higher than the average of allpostmenstrual 
determinations This is less than the error of the method used 

The reader ivill probably await further studies of the metabolism 
in tuberculosis, in view of the differences of the fmdings of vanous 
workers It should be pomted out that the studies of McCann and 
Barr were earned out m apparatus in which the chemical measurement 
of heat was checked by physical measurement, and careful alcohol 
checks of the apparatus were performed in addition It is open 
question as to whether the results obtained with the portable respira- 
tion apparatus are sufficiently accurate for experimental work Out- 
side of the Carnegie Nutation Laboratory alcohol checks of this 
apparatus are almost never made The respiratory quotient is not 
deterrmned, so that this check is lacking It is certain thatno careful 
physiaan would accept the results of a serological laboratory in which 
all the necessary controls were not made with each Wasserman test 

The mechanism of nsing and falhng temperature in tuberculosis 
IS shown graphically in a figure taken from the paper by McCann and 
Barr (190) (fig 1) There were 5 observations on three individuals 
Each pair of columns represent one hour period, the unshaded column 
showing the heat produced from the body m the same period of time 
During the rise of temperature (rectal) heat production exceeded 
heat loss At the peak of temperature curve, production and loss of 
heat were equal D unng the fall the loss of heat exceeded the produc- 
tion In these tuberculous subjects the percentage of heat lost by the 
vaporization of water increased greatly, amounting to about 38 per 
cent, whereas Soderstrom and DuBois (278) found it to be very 
constantly about 24 to 25 per cent in an extensive senes of obser- 
vations AH attempts to observe a patient m the calorimeter dunng 
a typical mght sweat failed 

Other fevers, which were studied by DuBois and his co-workers. 
Were erysipelas, arthntis, and fever following mtravenous injections of 
typhoid vacane and of proteose Erysipelas, which was mvestigated 
by Coleman, Barr, and DuBois (65), was found to affect the me- 
tabohsm in approximately the same way as typhoid fever One case 
of arthritis studied by Ceal, Barr and DuBois (60) had an elev'abon of 
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metabolism winch was 26 per cent above the average normal level, 
when the rectal temperature was 38 4°C The experiments of Barr, 
Cecil, and DuBois (22) on the febnie paroxysm following injections of 
proteose or of typhoid vacanes nre most interesting They found 
that with the onset of a chill the heat production increased from 75 
to 200 per cent, due in part to shivering At the same time there was 
almost no increase in heat elimination The resultant storage of heat 
elevated the body temperature, which for a short period remained at a 
level at which heat production and heat elimination were equal, both 
being 20 to 40 per cent, above the basal level Following this, as the 
temperature fell, there was usually a steady decrease in heat produc- 
tion until it reached the normal level The heat ehnunation on the 
other hand increased still farther, thus ridding the body of the stored 
heat The method of temperature regulation was almost identical 
with that of malana (21) 

Dunng the chiU these authors noted an increase in respiratory 
quotient, which they interpreted as being due to a rapid combustion 
of glycogen stores It is of interest to compare these findings with 
those of Lusk (167), who studied the metabohsm of normal men 
dunng immersion in a bath at lO^C The shivenng produced in- 
creased the metabohsm as much as 181 per cent The respiratory 
quotients rapidly fell to the fastmg level in all but one subject Lusk 
believed that the quotients fell as the result of the rapid exhaustion of 
glycogen stores 

From the data of these extensive studies of fever DuBois (78) was 
able to make the important generahaation that the relationship of 
basal metabohsm and body temperature conforms wath van’t HoS’s 
law of the effect of temperature on tlie veloaty of chemical reactions 
This law may be stated as follows 

With a rise of temperature of 10°C , tlie velocity of chemical reac- 
tions mcreases between two and three tune's 

DuBois (78) found that 82 per cent of the observations on fever fell 
witlun ±10 per cent of the average expressed by the temperature 
coefficient 2 3 In general the observations on fevers in which the 
protein metabolism was high tended to group themselves about the 
Upper limit (-flO per cent), while those on tuberculosis in which the 
protein metabohsm is relatively low tended to he grouped about the 
lower limit (—10 per cent) 
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In accordance with these findings an increase in body temperature 
of 10°C. should be accompamed by an acceleration of metabolism to 
230 per cent of the original value (100 per cent). Ten degrees Centi- 
grade is equal to 18°F Hence a change of 1 degree Fahrenheit should 
cause an elevation of = 72 per cent (6 5 to 79 per cent) In 
this way one could predict that the basal heat production of a patient 
with a rectal temperature of 102°F would be approximately 25 
per cent above the afebrile basal level 

It IS theoretically possible that an elevation of body temperature 
might be accomplished by a decrease in heat elimination alone, -without 
an increase in heat production Leschke (154) reported some experi- 
ments purporting to show a reduction of metabohsm in what he called 
“anaphylatoxm fever” in rabbits Both carbon dioxide production 
and oxygen absorption of these animals were dimmished in spite of a 
distinct elevation of body temperature However, in further experi- 
ments on dogs direct calorimetric observations were made, which 
showed a definite increase in heat production in most cases, and in 
none was there a pronounced decrease Loening (161) found a fall 
in temperature and in metabolism during anaphylactic shock The 
diminished respiratory exchange of Leschke’s rabbits may have been 
due to a change in the muscular activities of these animals For 
experiments on the respiratory metabolism it is hard to find a more 
unsatisfactory animal than the rabbit, on account of muscular move- 
ments and also of the fact that food persists for a long time in the 
gastiointestinal tract undergomg fermentation with the production of - 
gases which cause errors in the measurement of the respiratory 
exchange 

Experiments of Freund and Grafe (93) who inoculated poikilother- 
mic dogs -nuth trypanosomes and hog cholera, showed that no increase 
in metabolism occurred This would mdicate that in febrile mfections 
the increase in metabolism is mediated by the nervous mechamsm for 
temperature regulation and not by direct action of infecting agents 
or their products on other tissues Sverzhevski found that animals 
injected with tetanus toxin showed an increase m metabohsm dunng 
the latent period before convulsions occurred It is more than 
probable that m these experiments the prunarj'- effect of the toxin 
W'as on the nervmus mechanism 
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Etbermlion Studies of the metabolism of ammals dunng hiber- 
nation are full of matter of the greatest interest to physiaans The 
occurrence of pseudo-hibernation in man has been recorded by 
Cuslung Vanous physiological processes of the hibernating mam- 
mal are analogous to certain pathological processes of man and their 
investigation may cast a great deal of bght upon the mechanisms in 
disease 

A repiarkably complete and careful study of the whole physiology 
of hibernation is that of Raphael DuBois (1896), which mcludes 
important results of both direct and mdirect calorimetry This 
writer reviews the early work of Regnault and Rieset (1849) and of 
Carl Voit (1878), and of other workers who have studied the respira- 
tory exchange of hibernation He confirmed the work of Regnault 
and Rieset who found very low respiratory quotients (0 4 to 0 S) 
dunng the wmter sleep, though Voit, Mares and others found ab- 
normally high quotients The observation of lugh quotients was 
also venfied by DuBois, but only as a transient phenomenon im- 
mediately preceding the rise in metabohsm which occurs dunng 
waking 

The explanation of these low respiratory quobents is very difficult 
The fa\ onte hypothesis has been that it is due to the formation of 
carbohydrate from fat This view is supported by the observation 
of Claude Bernard that there is a steady increase of glycogen in the 
hvers of hibernatmg ammals This mcrease m glycogen was deter- 
mined also by DuBois whose figures are given below (80) 


Glycogen per 1000 grams of lu er 
I Hibernating marmot 


Duration of sleep 

trams 

4 days 

6 05 

7 dajs 

8 88 

9 days 

8 65 

10 days 

16 32 


Marmots awake showed only traces of glycogen in their livers 
Another interesting observation made by DuBois was the occurrence 
of a hypoglycemia dunng the hibernation, and of high blood sugar 
percentages dunng and after the awakemng 
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In the 'writer’s opinion the most reliable information regarding the 
R Q during hibernation is to be found in the work of Henriques 
(122). He calls attention to the fact that the formation of carbo- 
hydrate from fat would yield very low quotients, for example the 
conversion of olein into carbohydrate would yield a respiratory 
quotient of only 0 28 Hennques did not observe any animak with 
a quotient of less than 0 62, and such quotients were noted only when 
the body temperature was below 10°C 
Another explanation of these observations is that the accumulation 
of glycogen in the liver of hibernating animals may be dhe to the 
failure to oxidize carbohydrate denved from the breakdo-nm of protein 
Lusk (170) has shoivn that similar low respiratory quotients occurring 
in diabetic subjects may be due to this cause Similar low quotients, 
were noted by the writer (189) in an experiment in which meat was 
given to a normal man at the end of an eight day fast, for which the 
assumption was made that glucose formed from the protein ingested 
was stored as glycogen and not immediately burned The failure to 
oxidize the carbohydrate moiety of the protein molecule accounts for 
quotients only as low as 0 62 (170) The jSndmg of lower quotients 
tlian this is again reported in the work of Schenk (267) who records 
respiratory quotients of hibernating hedgehogs between 0 41 and 
0 65 There must still remain considerable doubt as to the true 
nature of the intermediarj’- metabohsm during tlie "nunter sleep 
^^Tiether carbohydrates are formed from fat and protein, or from 
protein alone the oxidation of carbohydrate is undoubtedly minimal 
or does not occur at low body temperatures of from 4° to 10°C 
Dunng the waking process a great acceleration of metabolism 
occurs, heat is stored in the body and gradually the body temperature 
rises to 36° or 37°C During this process the respiratory quotients 
h'av e been found to he within the usual hmits of 0 7 and 1 0. In the 
expcnments of Henriques (122) the quotients ranged between 0 70 
and 0.76, in those of DuBois (80) between 0 85 and 0.98, while Schenk 
records an increase of the respiratorj' quotient from 0 68 to 0 83 
In tlie rapid rise of temperature durmg the awakening from 'winter 
sleep the metabohsm undergoes changes T\hich are quite analogous to 
tliose occurring in fever in man The initial acceleration of heat 
production is very marked The animal at the start is in an almost 
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lifeless condition, with a rectal temperature of 4°C and a heat produc- 
tion which IS only one-thirtieth to one-fortieth of the normal waking 
metabolism Within a penod of 5 to 6 hours the temperature rises 
through 30 to 32°C This is well shown in an experiment by DuBois 
(80) 


TIME 

RECIAI TEJffERATtafi 

Ol CONSDlfEU PER HOUR 


c 

Itlers 

2 30 

11 

0 53 

4 10 

16 

1 40 

4 40 

21 

1 80 

5 00 

26 

I 20 

5 30 

33 

0 81 

6 10 

36 

0 35 


It is seen that during the early stages of the wakmg the acceleration 
of heat production is greatly in excess of tliat called for by van’t 
Hofi’s law, just as it is in man when a nse of temperature is accom- 
panied by a chill 

Basal melabohsm m anemias and Jeiilcmtas In 1845 Hannover 
(115) found that there was an increased excretion of carbon dioxide 
in chlorosis This result is merely of histoncal importance In 
1869 Pettcnkofer and Voit (241) studied a man with leukemia, whose 
metabolism was found to be elevated Bohland (45) in 1893 found a 
lugh rate of oxygen consumption by patients with leukemias and m 
one case of severe anemia from uncinanasis Tivo patients witli 
chlorosis did not have an increased metabolism Unfortunately none 
of Bohland’s patients were “nuchtem,” so that the basal metabohsm 
was not measured 

Simple anemia from hemorrhage was studied in dogs by Gurbef 
(1 1 1), w ho found that blood losses up to 3 5 per cent of the body weight 
(loss of about two-tlnrds of the red corpuscles) produced no change in 
metabohsm provided that the physical conditions of the circulation 
were maintained bj flmd replacement Further studies of tlie same 
nature w ere made by Pembrey and Gurber (240) The total metab- 
ohsm and respiratory quotients underwent no sigmficant altemaUons 
foUoivmg blood losses sufBaent to reduce the hemoglobin by one-half 
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Grafe (108) studied patients with anemia The data from five of 
these can be recalculated for comparison with the Aub and DuBois 
(10) standards Of three patients with severe secondary anemia due 
to gastric ulcer, one had a normal rate of metabohsm, and two showed 
increases of 24 and 25 per cent, respectively, above average normal 
Two patients -with hemolytic anemia varied from average normal 
by —11 and +20 per cent, respectively. 

Eberstadt (82) produced chronic anemias in animals in two ways, 
by repeated bleeding, and by administration of phenylhydrazin 
The effect of these procedures upon the metabolism seemed to depend 
on the condition of the bone marrow Usually hyperplasia of the 
marrow resulted from repeated bleedings, and the metabolism was 
elevated in the majority of such cases Phenyihydrazm produced 
marrow aplasia, and as a rule the metabolism was decreased in such 
aplastic anemias 

IMeyer and DuBois (76) give a table comprising a very extensive 
compilation of the hterature of metabolism in anemias and leukemias 
In leukemias of both types the metabolism is shown to be markedly 
elevated In chlorosis, secondarj*^ anenuas, and in pemiaous anemia, 
there is considerable variabihty in the findin gs of different investiga- 
tors !Meyer and DuBois added 5 cases of permdous anemia in which 
the variations of metabolism from average normal varied from +2 
to +33 per cent The finding of normal respiratory quotients indi- 
cated that there was no alteration of the normal proportions m 
which foodstuffs are oxidized 

A very important studj’’ of pernicious anerma is that of Tompkins, 
Brittingham and Drinker (289) Their results showed that the basal 
metabolism in this disease may be normal in the untreated state 
-WTiatever the ongmal level transfusion mvanabl}’' dimimshed it 
This suggested to tliese authors that there is some type of stimulant 
to the body cells in general in untreated acute cases of perm'dous 
anemia, and that the amount of stimulation is measured by the fall 
in metabohsm resulting from transfusion Also, they concluded 
tliat there are coincident progressive tissue alterations in this disease 
which tend to reduce metabohsm. These alterabons were represented 
by the dirmmshed respiratory exchange of chronic cases and by the 
low lc\ el to wliidi it falls after transfusion 
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It IS to be noted that the decrease in metabolism foUoiving 
transfusion in permaous anemia is probably not dependent on the 
diminution of cardiac and respiratory work which resulted While 
It IS true that the pulse rate and respiratory activity decreased, the 
response of the metabolism to transfusion lagged behmd that of all 
other factors by an interval of several days 
That the basal heat production in chrome leukemias may be 
enormously increased was shown by the work of Grafe (108), Magnus 
Levy (179), and Kraus (ISO) It is frequently found to be from 
SO to 100 per cent above normal, irrespective of the type of leukemia 
Gunderson’s (112) results indicate that the basal metabohsm in 
myelogenous leukemia bears a relation particularly to the number of 
immature leucocytes in the blood stream, irrespective of the total 
leucocytosis The highest values are usually found in cases with 
very high leucocyte counts ivith many myelocytes or in cases showing 
high percentages of myeloblasts Both of these findings indicate 
great activity of the leucopoietic tissues In Gunderson’s opimon 
the basal metabohsm may be considered an inde^ of this activity 
Some doubt may be thrown on this interpretation by the studies of 
Murphy, Means and Aub (225), who found that treatment with 
Roentgen rays and radium produced a marked effect in reduang the 
leucocyte count of a patient with chrome lymphoid leukemia, without 
produang a corresponding reduction in basal metabohsm In 
another patient with myelogenous leukemia the metabohsm decreased 
22 per cent coincident with a decrease in total leucocyte count from 
296,000 to 73,000 In these cases, however, the differential counts 
were not pubhshed, so that it is impossible to determine to what 
extent young and old forms of leucocytes shared in the process of 
reduction 

The basal metabohsm in leukemias IS not invanably elevated above 
normal In a senes of 16 cases studied by Boothby and Sandiford 
12 6 per cent were witlun normal himts (SO) 

In polycythemia the metabohsm may or may not be mcreased 
In Boothby and Sandiford’s (SO) two cases one showed a positive 
vanation of more than 20 per cent while the other was within normal 
hnuts Fitz (89) quotes unpubhshed work of Means and Bock, and 
of Senator, which indicate shght increases in gas exchange in poly- 
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Grafe (108) studied patients with anemia The data from five of 
these can be recalculated for comparison with the Aub and DuBois 
(10) standards. Of three patients with severe secondary anemia due 
to gastric ulcer, one had a normal rate of metabolism, and two showed 
increases of 24 and 25 per cent, respectively, above average normal 
Two patients with hemolytic anemia varied from average normal 
by —11 and +20 per cent, respectively 

Eberstadt (82) produced cliromc anemias in animals in two ways, 
by repeated bleeding, and by administration of phenylhydrazm 
The effect of these procedures upon the metabolism seemed to depend 
on the condition of the bone marrow Usually h 5 ^erplasia of the 
marrow resulted from repeated bleedmgs, and the metabohsm was 
elevated in the majority of such cases Phenylhydrazin produced 
marrow aplasia, and as a rule the metabolism was decreased in such 
aplastic anemias 

Meyer and DuBois (76) give a table compnsing a very extensive 
compilation of the literature of metabolism in anemias and leukemias 
In leukemias of both types the metabohsm is shown to be markedly 
elevated In chlorosis, secondary anemias, and in pernicious anemia, 
there is considerable vanability in the findings of different mvestiga- 
tors Meyer and DuBois added 5 cases of pernicious anemia in which 
the vanations of metabohsm from average normal vaned from +2 
to +33 per cent The finding of normal respiratory quotients indi- 
cated that there was no alteration of tlie normal proportions in 
winch foodstuffs are oxidized 

A very important study of pernicious anemia is tliat of Tompkins, 
Bnttingham and Drinker (289) Their results showed that the basal 
metabolism in this disease may be normal in the untreated state, 
A\diatever the original level transfusion invariably dinumshed it. 
Tills suggested to tliese authors that there is some t 3 'pe of stimulant 
to the body cells in general in untreated acute cases of permaous 
anemia, and that the amount of stimulation is measured by the fall 
in metabohsm resulting from transfusion Also, they concluded 
that there are coincident progressive tissue alterations in this disease 
wliich tend to reduce metabohsm These alterations were represented 
by the dmiimshed respiratory exchange of chronic cases and by the 
low lei'el to wlucli it falls after transfusion 
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It IS to be noted that the decrease in metabolism following 
transfusion in permaous anemia is probably not dependent on the 
dumnution of cardiac and respiratory work which resulted While 
It IS true that the pulse rate and respiratory activity decreased, the 
response of the metabolism to transfusion lagged behind tliat of all 
other factors by an interval of several days 
That the basal heat production in chronic leukemias may be 
enormously increased was shown by the w’ork of Grafe (108), Magnus 
Levy (179), and Kraus (150) It is frequently found to be from 
SO to 100 per cent above normal, irrespective of the t3q)e of leukeima 
Gunderson’s (112) results indicate that the basal metabohsm in 
myelogenous leukemia bears a relation particularly to the number of 
immature leucocytes m the blood stream, irrespective of the total 
leucocytosis The highest values are usually found in cases with 
very high leucocyte counts with many myelocytes or in cases showing 
high percentages of myeloblasts Both of these findmgs indicate 
great activity of the leucopoietic tissues In Gunderson|s opmion 
the basal metabolism may be considered an index of this activity 
Some doubt may be thrown on this mterpretation by the studies of 
Murphy, Means and Aub (225), w’ho found that treatment with 
Roentgen rays and radium produced a marked effect in reduemg the 
leucocyte count of a patient with chrome lymphoid leukeima, without 
produemg a corresponding reduction m basal metabohsm In 
another patient with myelogenous leukemia the metabohsm decreased 
22 per cent coincident with a decrease in total leucocyte count from 
296,000 to 73,000 In these cases, however, the differential counts 
were not pubhshed, so that it is impossible to determme to what 
extent young and old forms of leucocytes shared in the process of 
reduction 


The basal metabolism in leukemias IS not invanably elevated above 
normal In a senes of 16 cases studied by Boothby and Sandiford 
12 6 per cent were within normal limits (50) 

In polycythemia the metabolism may or may not be increased 
^ Boothby and Sandiford’s (50) two cases one showed a posiUve 
vanation of more than 20 per cent while the other was within normal 
Fit. (89) quotes unpublished work of Means and Boi ml 
of Senator, which indicate slight increases in gas exchmge L poT,- 
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cythemia. Means and Newburgh (199) reported finding normal 
basal metabolism in two patients with erythrocytosis due to mitral 
valvular disease 

Basal melaboHsm tn imscellaneous pathological states The pnncipal 
diseases, in which wide variations from the accepted standards of 
normal basal metabohsm may occur, are those of the thyroid gland, 
febrile diseases, and disorders of the hematopoietic system The 
further discussion of this subject will cover a brief review of the results 
of studies in a wide variety of abnormal conditions in which the basal 
metabolism has been found to be within or near the normal limits of 
variation 

Diseases of the circulatory system Peabody, Meyer and DuBois 
(233), in their study of patients with cardiac and renal disease, found 
that those with compensated cardiac lesions showed no increase in 
basal metabolism Of twelve patients vdth dyspnea, nine showed a 
distinct rise in metabohsm, and in five of these the increase was from 
25 to 50 per cent above the average normal In this study the agree- 
ment of direct and indirect calorimetry was excellent The finding of 
normal respiratory quotients mdicated that there was no disturbance 
of the mtermediarj’- metabohsm A further study was made by 
Peabody, Wentworth and Barker (235) The patients were divided 
into two groups according to the degree of reduction of the \ntal 
capacity of the lungs The first group comprising those whose vital 
capacity was over 60 per cent of the normal, showed an average 
variation of -1-2 5 per cent and a range of variation of —7 to -1-19 
per cent of average normal The second group comprising patients 
vdth a ^dtal capaaty of less than 60 per cent of normal, showed an 
average vanation of -f 12 8 per cent and a range of —6 to -4-40 per 
cent of average normal metabolism 

During the war Peabody, Wearn and Tompkins (234) made a study 
of the basal metabolism of soldiers with “irritable heart” The 
maj'ority of these patients proved to have a metabolism -within normal 
limits, which led the investigators to conclude that hyperthyroidism 
. did not play a significant role in the production of the symptom com- 
plex Boothby and Sandiford (50) report essentially the same results 
in 99 cases of “cardiac neurosis ” 
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“Essential hypertension" was also studied by Boothby and Sandi- 
ford (50) Of 170 paUents, so diagnosed, about 90 per cent proved 
to have a rate of metabolism within ±15 per cent of normal, the 
remamder being moderately increased above normal 

Nephritis was investigated by Aub and DuBois (12) The most 
sigmficant alterations in the heat production per umt of body surface 
were noted in patients with oedema In two such cases the basal 
metabohsm was 27 and 40 per cent below average normal One 
patient in uremia was found to have a normal rate of heat production 
Of those patients with nephntis, hypertension and assoaated cardio- 
vascular changes the basal metabolism was normal 
In Gout the basal metabohsm lies within normal lirmts according to 
the studies of Wentworth and McClure (296) No changes in the 
intermediary metabohsm could be detected by the respiratory quo- 
tient, which lay within normal limits Like figures were obtained 
also in one case studied by Ceal, Barr and DuBois (60) In the early 
hterature of Magnus Levy (181) similar results were recorded 
Cecd, Barr, and DuBois (60) also observed patients with vanous 
forms of arthritis, acute, subacute, and arthnbs deformans Tliere 
was nothing to indicate abnormality of heat production in afebnle 
periods Previously Pemberton and Tompkins had reported obser- 
vations made upon 29 soldiers with arthritis (239) Of these all but 
seven were within normal hmits, and only two had a basal metabolism 
more than 15 per cent below average normal Of 69 cases reported 
by Boothby and Sandiford 64 were within the limits of ±15 per cent, 
4 were shglitly loner and I shghtly higher (SO) 

In obesity the basal metabohsm per umt of body surface is generally 
normal according to Means (200, 202), who has made excellent studies 
of this subject When the basal gas exchange was below normal 
Means found that there was generally some evidence of disturbed 
internal secretion More recently in the larger series of Boothby 
and Sandiford 95 per cent were found to have a basal metabohe rate 
nithm 15 per cent of the average normal (50) 

Six cases of Mongohan idiocy were studied by Fleming (90), who 
found a normal basal metabohsm in all according to Benedict and 
Talbot’s standards (38) The surprising fact uas noted that the 
administration of thyroid extract did not increase the heat production 
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of these children as it did in the case of cretins, -whose metabolism was 
subnormal 

Scattered throughout the hterature are observations of the 
metabolism in various nenmus and mental diseases One of the 
earliest was the study by Magnus Le-vy of a patient -with paralysis 
agitans (184) The continuous tremor of this disease considerably 
increases the basal heat production Magnus Le\^ observ^ed that the 
admimstration of hyosdn dunimshed the metabohsm, presumably 
because of its effect on the tremor. Boothby and Sandiford (50) 
record the finding of a normal metabohc rate in all of their cases of 
iahes dorsahs, migraine, and nearly all of their patients "with “chronic 
nerv’ous exhaustion” and “neurasthenia ” In one-fifth of their cases 
of epidemic enccplialiits the metabolism was increased To what 
extent this was due to fever, or to involuntary movements from extra- 
pjTamidal motor disturbances cannot be determmed from the data 
pubhshed 

In stuporous conditions and catatonia Grafe (104) reported finding a 
reduced metabohsm. It is hard to judge of the value of his conclu- 
sions He used as the normal standard for heat production 800 
calories per diem per square meter (Meeh). The height of his 
patients was not recorded Ob-viously the heat production of Some 
patients was quite low From the meagre data given it is impossible 
to determine what role inanition played in the production of the 
low metabohsm 

Dementia praecox and manic depressive insanity were investigated 
by Gibbs and Lemclce (99) In the dementia group the most marked 
variations from normal vere observed, generally belov,' normal It 
was not thought that inanition could accoimt for the low metabohsm, 
nor did the patients show sufficient evidence of th3Toid or pituitary 
disorders to explain the findings satisfactorily Several of the 
dementia praecox patients did show eiddence of disturbed growth, 
mcluding incomplete sexual maturity 

Lncr extirpation jMann at tlie Mayo Chmc has called attention 
to the development of hypoglycemia in dogs foUoving extirpation of 
the liver, wliich had been described by Minkowski, (212) in 1886 
As a result of study of the respiratory exchange of these dogs before 
and after the operation Mann (185) found that carbohydrate was 
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being utibzed after hepatectomy and the injection of glucose, sug- 
gesting that the hypoglycenua following this operation is due to utiliza- 
tion of carbohydrate This revives an old question concerning the 
significance of the R Q after liver eitirpabon 
Grafe and Deneke (107) noted an elevation of the respiratory quo- 
tients after hver extirpation, which they attributed to a diminished 
alkalescence of the blood Murhn, Edelman, and Elramer (221) found 
that clamping the abdominal vessels gave rise to an increase 
in respiratory quotients, but the evidence indicated that this elevation 
of R Q was due to pumping out CO* by over-ventilation since the 
COi content of the artenal blood was found to have decreased With- 
out careful study of the blood gases and of the aad base equilibrium 
It would be unsafe to accept the view that the nse m R Q really 
indicates increased carbohydrate utilization 
Fischler and Grafe (105) noted a marked fall in heat production 
following ligation of the hepatic artery two to three weeks after 
establishing an Eck fistula In the earlier extirpation expenments of 
these authors (88) the heat production decreased from 30 to 70 per 
cent This result was probably due to traumatic shock (14) 

Diseases o/ (lie Itrer Aub and Means (15) reported metabobsm 
determinations of a number of pahents with various diseases of the 
hver and bile passages These included arrhosis, neoplasms, gall 
stones, and catarrhal jaundice The metabolism in all of these fell 
within the normal limits of the DuBois surface area formula 
Traumalic shock was found by Aub (14) to produce a marked 
diminution of metabobsm, depending on the seventy of the shock 
It may fall to as much as 70 per cent below the normal level A 
similar decrease of the basal metabolism may be rapidly accomphshed 
b} interference with the arculation or by increasing the mtraperi- 
cardial pressure The effects of hemorrhage were not constant, 
occasionally a temporary lowering of metabobsm was noted The 
recovery from shock was accompanied by a return of heat production 
to normal 

Diseases oj duclless glands other than thyroid Adrenals The 
metabolism data from a number of cases of Addison’s disease w'ere 
collected by Aub, Forman, and Bnght (17) These have all shown a 
moderately reduced basal metabolism Boothby and Sandiford (50) 
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studied 13 cases, in tu^o of which the metabohsm was more than 20 
per cent below average normal LoefBer (160) who was unfamiliar 
vith modern work m normal standards, recorded data in two cases 
of Addison’s disease wliich the wnter has recalculated These 
patients showed less than 5 per cent deviation from the Aub and 
DuBois (10) average normal Mmrhead (214), reporting his own case, 
states that his basal metabolism was found at tlie Mayo Clinic to be 
30 per cent below average normal 

Expenmental adrenalectomy was performed on cats by Aub, 
Forman and Bright (17) At the end of 48 hours after operation it 
was found that the metabohsm was 25 per cent below normal No 
change in intermediary metabohsm was detected Control expen- 
ments on fasting cats and on cats, which had been subjected to other 
operative procedures, showed a decrease in heat production of less 
than one half tlie magnitude of that follovang adrenalectomy When 
one adrenal only was removed there "was only a temporary decrease 
in gas exchange 

Marine and Baumann (187) performed expenments on rabbits in 
wliich either adrenalectomy was performed or else the adrenal was 
injured by freezing These authors reported tliat such procedures 
generally increased the metabolism as measured by the gas exchange 
An examination of their piotocols reveals great irregularities in 
metabolism from day to day The respiratory quotients were very 
irregular. Some of the experiments show a distinct decrease in 
metabolism almost as frequently as a rise No metliod of recording 
activity of tlie animals was used In view of these facts these authors 
do not seem to be justified in the conclusions winch they have drawn 
from the data presented 

These experiments were repeated on cats by Scott (269) This 
wnter found that “sulfiaent” non-fatal injury to the suprarenal 
cortex b)’- freezing or hgation caused a sigmficant increase of me- 
tabolism The expenmental protocols of this work appear to be more 
satisfactor}’’ tlian those of IMarine and Baumann The cat is un- 
doubtedly much superior to the rabbit for determination of respiratory 
exchange Satisfactory records of movements of the animal and 
cliecks of tlie apparatus were not recorded 
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Marine and Baumann (188) and Scott (269) have endeavored to 
show that there is an interrelationship between tliyroid and adrenals, 
indicated by tlie finding of an increased heat production and thyroid 
hyperplasia in anunals with suprarenal msuffiaency Manne and 
Lenhart (186) found that adrenalin injected into normal and thy- 
roidectomized animals produced relatively the same increase of 
oxygen consumption in each In the thyroidectomized ammals the 
increase was delayed and of shorter duration than in the normals 
Grave doubt as to the existence of an mterrelationship between 
thyroid and adbrenals is cast by the work of Aub, Bnght and Uridil 
(16) These investigators found that the adrenal glands were not 
essential to the maintenance of a high metabohe rate induced by 
administration of thyroxin Added to this is the evidence furnished 
by Sandiford (263), who found that the intensity of the reaction to 
injection of epinephnn was independent of the state of thyroid 
function Her 46 subjects included some patients with both hyper- 
thyroidism and some with hypothyroidism 
The effects of complete adrenalectomy have been studied by 
Gradinescu (101) and by Aub, Bright and Forman (17) These 
autliors both' record a pronounced decrease in heat production 
Gradinescu did not record the blood pressure and temperature of 
his animals, so that it is impossible to determme to what extent 
traumatic shock was responsible for the diminished metabohsm 
However, Aub and his coworkers found that even when blood pres- 
sure and temperature were kept normal the metabolism decreased 
markedly about 24 hours after operation This contmued until the 
terminal collapse, at a level about 25 per cent below the previous 
normal 

The decrease in metabohsm following thyroidectomy occurs slowly 
The mcrease produced bj'- admmistering thyroid extract or tliyroxm 
likewise occurs slowly, requinng several days for the production of 
the maximum effects The diminution produced by adrenalectomy 
occurs qmckly Injection of adrenalin produces an almost instan- 
taneous increase in heat production Li summing up the eiidence 
Aub and Taylor conclude that botli thyroid and adrenals affect the 
metabohsm markedly but mdepcndently, that the thjToid acts 
slowly and continuously, the adrenal quickly and transiently 
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The piUntmy gland The studies of metabolism following hypo- 
physectomy mdicate that a dimmution occurs This conclusion 
is by no means certain The careful work of Benedict and Homans 
(29), in wluch there was found to be a decrease in CO 2 production per 
kilogram of body weight following hypophysectomy, has been criti- 
cized by Aub and Taylor on the groimd that other factors may have 
been operating to produce the decrease For instance Lusk (171) 
showed that mere retention of animals in cages may cause a decrease 
in rate of metabolism 

In certain cases of obesity, in which the heat production per unit 
of body surface was below normal. Means (200) found e\adence3 of 
disordered function of the pituitary In 58 patients, with the diag- 
nosis of hypopitmtarism, Boothby and Sandiford (50) found 55 per 
cent to be wathin normal limits, 6 8 per cent were more than 15 per 
cent above average normal, and 38 per cent were more than 15 be- 
low average normal Of 30 cases of acromegaly studied by the 
same authors about one-third w’^ere a:bove the upper limit of normal 
(-f 15 per cent). One case was more than 20 per cent below average 
normal 

It would be unsafe to conclude that these findings indicate tliat the 
normal secretory products of the pituitary body influence the rate of 
metabolism Diseases of the pituitary body are frequently assoaated 
wath disorders of other ductless glands Regarding the evidence of 
the effects produced by the ingestion or injection of pituitary extracts 
more wall be said imder the heading of the effects of drugs It is very 
difficult to prove that extracts denved from glands of mternal secre- 
tion are identical with the secretory products of these glands dunng 
life For this reason conclusions regarding the function of a gland 
should be drawai with great caution from expenments on the effects 
of administration of an extract of tlie gland Boothby states that 
“there is, how'ever, as yet little evidence that the secretion of any 
part of the pituitary gland is concerned with the normal rate of cellular 
combustion in tlie sense that it acts as a calorogenetic agent ” 

Diabetes tnsiptdiis Five cases of this disorder were studied b}’’ 
Snell, Ford and Rowiitree (277) Tw^o of the five patients showed 
abnormally high rates of metabolism on initial observations These 
patients later showed normal metabolism after treatment with 
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pitmtnn The metabobsm of the other three patients was not affected 
by pitmtnn, though in all five cases it was successfully used as an 
anti-diuretic agent 

Gonads In 1895 CaratuUa and TaruUi (55) measured the respiratory 
exchange before and after castration of one female dog and two mice, 
using a small Pettenkoffer Voit Apparatus The dog showed a gam in 
weight of 17 per cent and a decrease in COj production of 34 per cent 
followmg castration Smular results were obtamed with the mice 
Loewy and Richter (163) castrated a female dog After 10 to 14 
weeks the weight of the dog had increased 10 per cent, while the oxygen 
consumption per kilogram had decreased about 20 per cent A male 
dog was castrated, but m this case the dog lost weight m the same 
proportion as the decrease m metabolism 
Luethje (164) studied the respiratory exchange of a castrated female 
dog using a normal bitch as a control Both were fed on the same diet, 
but observations were not made under the conditions of basal me- 
tabohsm His results are of no value for our present purpose 
Zimtz (303) gave the results of metabolism experiments on four 
women who had been castrated Only one subject showed a clear 
decrease The data are not worth much as the patients took food 
and were restless with pain 

Murlm and Bailey (217), (20) studied two dogs after oophorectomy 
Their results upheld the work of Loewy and Richter Removal of 
the ovaries of their dogs was followed by an increase in weight in both 
and a lowenng of the metabolism by 6 to 14 per cent in one and by 
12 to 17 per cent m the other No marked effect on the heat produc- 
tion was noted imtil 18 to 21 days after operation Murlm and 
Bailey did not beheve that the lowenng of metabolism was a direct 
result of oophorectomy, and that the indications did not pomt deci- 
sively to the loss of a speafic stimulus from the ovary affecting the 
oxidative processes of the cells 

Spleen Danoff (67) found a marked mcrease in metabohsm of 
white rats after splenectomy The ammals died soon after operation 
No data are given as to the presence or absence of mfection or fever 
Danoff worked in Asher’s laboratory Two years later Asher and 
Roda (8) reported that removal of the spleen from a dog did not 
increase the basal metabohsm Korcntchcusky (147) studied the 
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effect of removal of the spleen of three dogs He was imable to find 
any effect upon the respiratory metabohsm Tompkms, Bnttingham 
and Drinker (289) reported that the metabolism of two patients with 
splenic anemia was lowered following splenectomy In summary it 
may he said that the spleen does not appear to have any direct effect 
upon the rate of metabohsm 

Parathyroid The writer has been unable to find satisfactory 
experimental evidence concemmg the effect of parathyroid extirpation 
on the heat production In some cases the result is obscured by the 
coincidence of th 3 rroid insuffiaency due to simultaneous thyroid- 
ectomy In other cases the e\ddence of complete removal of para- 
thyroid tissue is lacking 

Tetany, resulting from excessive pulmonary ventilation, is accom- 
panied by an increase in oxygen consumption according to the 
admirable experiments of Grant (110) In order to show that this 
increase of metabolism was not due to the increased muscular work of 
breathmg, the experiments were controlled by having the subject 
breathe the same amount of air containing 5 per cent CO 2 When 
the excessive loss of CO 2 during forced breathing was prevented, the 
oxygen consumption in tlie control penods was from 10 to 20 per cent 
less tlian in the periods with h 3 ^erpnea with air alone 
Loeffler (160) reported a case of parathyroid tetany following 
thyroidectomy, in which the metabohsm was 18 per cent below the 
average normal of Aub and DuBois (10) 

Myasthenia gravts Loeffler (160) reported observations of a 
woman, thirty years old, whose metabolism on recalculation is found 
to be 10 per cent below the average normal 
Pancreas Benedict and Joshn in 1910 made a study of the total 
metabohsm of patients with diabetes vielhtus They concluded that 
the average heat production of their patients was 15 per cent above 
tliat of their normal controls, the comparison being made on the basis 
of body weight Lusk (168) entiazed their conclusions, and recal- 
culated their results, vdth the conclusion that the average heat 
production was only 5 per cent above normal m diabetes At this 
time the subject of normal standards was in an unsatisfactory state 
The writer has recalculated the metabolism of 19 subjects of Bene- 
dict and Joshn (30), and compared the results with the average normal 
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standards of Aub and DuBois (10) The metabolism of these patients 
vaned from 27 per cent belon to 32 per cent above average normal, 
ivith an average deviation of 4 per cent 
From the writer’s own series of diabetic subjects SI observations on 
26 patients showed deviations from average normal ranging from 
-38 per cent to +12 per cent, with an average deviation of -8 25 
per cent 

IVhen repeated observations are made on patients who are under- 
going treatment, it is noteworthy that improvement m the patient’s 
condition or carbohydrate utihzation is almost invariably accom- 
panied by a shght reduction in the basal metabolism This fact was 
pomted out by Wilder, Boothby and Beeler (297) It is amply con- 
firmed by the wnter’s own observations (194), (195) These authors 
(297) state that the metabohsm m diabetes is never abov e the average 
normal of DuBois, unless there is a complicating hyperthj roidism, or 
unless infection is present, or the patient has been given an excessive 
diet, espeaally if protein be m excess They state that the findmg of 
a normal basal metabolism in an emaaated patient indicates tliat the 
patient is receiving too much food, or else is m a cntical stage of 
starvation in wluch an excessive loss of body protein is taking place 
The foregoing conclusions m regard to die basal metabohsm in 
diabetes are borne out in the latest publication of Joslin’s (138) results 
In this report Joshn makes an extensive analysis of all factors which 
may enter into the interpretation of the results 
It IS quite apparent that the determination of the basal metabolism 
of diabetic patients has some value from a prognostic standpoint, 
and as an indication of progress of therapy The most important 
use of the determination is that of estabhshmg the minimal food 
requirements of the patient This has proved of great value m the 
wnter’s practice in wluch the usual procedure is to give the patient a 
diet furmshing only enough energy to cover tlie minimal requirement 
(basal metabolism plus 10 per cent) until “desuganzation” was accom- 
plished (195) With the newer knowledge of antiketogenesis it is 
possible to prescribe diets in such a way that the energy reqmrement 
will be filled by a mixture of foodstuffs contaimng only a mimmum of 
antiketogemc substances (glucose or substances capable of conversion 
into glucose (114)) 
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i The effects of drugs on the basal metahohsin 

Thyroid extracts Thyroxin There have been many calorimetric 
studies which showed that the admimstration of thyroid extract 
increased the heat production of normal subjects and of those with 
h}TD 0 th 3 T 0 idism The earliest of these studies was made by Magnus 
Levy (178) As typical examples of the method of accurate calon- 
metnc control of the dosage of th 3 n:oid preparations in h)^oth}T:oidism 
the reader is referred to the work of DuBois (75), Means (205), Talbot 
and Moriarty (285), and of Fleming (90) It is interesting to note 
that Fleming (90) was unable to increase the metabolism of Mongohan 
idiots by administration of thyroid extracts, which were effective in 
cases of cretinism The action of thyroid extracts is not predictable, 
owing to the vaiying potency of different preparations The advent 
of the pure th 3 Toxm, which was isolated by Kendall, marked a great 
advance in the therapy of hjrpothyroidism, because with this drug the 
effect upon the heat production may be predicted with a reasonable 
degree of certainty Under the heading of the basal metabolism in 
thjToid disease a table is given, which was taken from the work of 
Boothb}'’ and of Hummer and Boothby, m which one may find the 
necessary data for computing the dosage of thyroxin m terms of its 
metabolic effect 

Tlie importance of controlling the admimstration of thyroxm by 
metabolism determinations cannot be over-emphasized It is true 
that under the influence of the thyroid vanations m the level of basal 
metabohsm are accompanied by proportionate vanations in the basal 
pulse rate in the vast majority of cases, as is shovm by the work of 
Sturgis and Tompkins "However, cases are continually encoimtered 
m which some abnormahty of the cardiac mechanism prevents the 
usual response in heart rate to change m metabolic rate Such cases 
are well illustrated by the report of Aub and Stem (13), whose patient 
had a complete auriculo-ventricular dissociation. The ventncular 
rate did not increase m response to over-dosage with thyroid extract, 
suffiaent to elevate the basal metabolism to a level 47 per cent above 
normal and to increase the auncular rate to 120 

The calorogenetic action of thynroxm is probably due to a direct 
stimulation of the cells to a higher rate of oxidation As a result of 
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their experiments, Aub, Bright and Undil (16) concluded that it 
could not be explamed by increased muscular activity, muscular 
fibnllation or increased tonus These authors also found that the 
presence of the adrenal glands was not essential to the maintenance of 
a high metabohsm by thyroxin 

Eptnephnn An enormous number of experiments have been made 
concermng the effect of epmephnn on the respiratory exchange 
With one exception all investigators have noted an increase in me- 
tabolism following the admimstration of epmephnn to normal men 
and animals Han (117), alone, reported a dimimshed consumption 
of oxygen This may have been due to the fact that Han worked 
with curanzed ammals Rehable observations, in which oxygen 
consumption and heat production have been mcreased by mjection 
of epmephrm, are recorded m the work of Lusk and Riche (176), 
Tompkms, Sturgis, and Wearn (290), Sandiford (263), and others 
The effects produced m normal subjects by the subcutaneous injec- 
tion of 0 5 cc of a 1 1000 solution of epmephnn have been well 
standardized These effects are well illustrated in the graphical 
record of experiments on four normal men by Lyman, NichoUs, and 
McCarm (177) m figure 2 The heat production, calculated from the 
oxygen consumption, increases markedly withm 10 minutes after 
injection of epmephnn, reaching a maximum withm about 30 mmutes 
The respiratory quotient increases m nearly all cases withm the first 
10 to 20 mmutes, thereafter decreasing until it falls below the imtial 
level m from 30 to 60 nunutes This increase m respiratory quotient 
has usually been supposed to mdicate an mcreased combustion of 
carbohydrate, coinadent with the rapid glycogenolysis induced by 
epmephnn The rapid mobilization of carbohydrate from the stores 
in the liver results in hyperglyceima m normal individuals The 
elevation of the blood sugar curve does not reach a maximum until 
from 30 to 60 minutes, at which tune the respiratory-quotient is 
decreasing This fact was noted by Bomstein and Muller (52), who 
also called attention to the fact that, m the imtial penod m v.hich the 
R Q IS increasing, tlie alveolar COi tension decreases markedly 
This observation nas also confirmed by Lyman, NichoUs and McCann 
(177), who found marked reduction m alveolar CO 2 tension, great 
increase in nunute volume respired, m tidal air, m tlie calculated dead 




Fig 2 * Effects of 0 5 cc Efiotfhsik &' Norjiae Subjects (177) 

The abscissa units represent tune in minutes, labeled arrows iniiicating tbe injections 
of epmephnn orinsubn 

Items on the ordinate axis from the bottom up are represented as follows 

1. Calones per hoTir in each successi\e rcspiratorj’ period as vertical bars A hori- 
zontal broken line gi\ es the normal standard of calones per hour for the sex and age and 
surface area of the subject in each experiment, according to the method of Aub and 
DuBois 

When the bars are subdmded, black represents calories denved from carbohydrate 
and white calories from fat metabolism, as calculated from the non-protein R Q The 
cross-hatched portion denotes calones denved from protein as calculated from the 
urinary' nitrogen 

2. Total R Q at each respiratory penod as sohd hnes Broken hnes accompanying 
the graph of tobil R Q represent the non-protem R Q , when plotted. 

3 Brokenlincasbloodsugaringramsof sugar per 100 cc. of blood 

4 Diastolic and systohe blood pressure as sohd hnes on which the tune of successive 
readings is indicated by dots 

5 Pulse rate as solid hnes with dots mdicating the time of consecutive determinations 

‘This figure is reproduced through the courtesy of the Journal of E-xperimental 
Pharmacologv and Therapeutics 
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space, and m the effective alveolar ventilation These observations 
all point to a new explanation of the increased R Q after epinephnn, 
namely, that it is due to stimulation of the respiratory mechanism to 
over-ventilation with consequent washmg out of carbon dioxide from 
the blood and tissues The question must still be considered unsettled 
as to whether i true increase in carbohydrate oxidation follows the 
admimstration of epinephnn or whether the change in respiratory 
quotient is the result of changes in the mechanism of breatlnng 
induced by the drug 

Additional light is thrown on this subject by the studies made by 
hynian, NichoUs and McCann (177) of the effect of epmephnn on 
diabetic subjects In diabetes mellitus the ability of the orgamsm 
to store carbohydrate as glycogen is usually found to be impaired 
Also, as a rule, the increase m blood sugar concentration produced by 
epinephnn is usually much less m diabetes than in health The 
respiratory quotients of diabetic patients were sometimes not increased 
at all, and m other cases were increased much less than in normal 
subjects Indirectly tins supports the view that the respiratory 
quotient after epmephnn may depend, m part at least, on the extent 
of carbohydrate oxidation 

The effect of epmephnn on the heat production of diabetics varied 
Half of the patients showed an increase of 6 to 18 per cent, which 
was less than the normal increase The other half showed an increase 
in metabolism of 29 to 43 per cent above the basal level The average 
mcrease in normal subjects lay between 17 and 33 per cent (177) 

Sandiford (263) raised the question as to whether the mcreased 
metabolism following epmephnn might not be due to the carbohydrate 
plethora However, Boqthby and Sandiford (48) found that the 
ingestion of enough glucose to double the blood sugar percentage 
increased the heat production by 9 per cent, wherea , a dose of 
epmephnn which produced an elevation of blood sugar of only 37 
per cent increased the metabolism 20 per cent This w ould indicate 
tliat epmephnn possesses a speafic calorogenebc action 

Sandiford (263) called attention to the fact that the metabohe 
effects of epinephnn mjecUons were independent of the degree of 
hjper- or hj'pothyroidism Manne and Lenhart (186) found that the 
effect in thyroidectomized rabbits was gencrallv somewhat delayed 
and of shorter duration than in normal animals 
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Insulin In the early studies of the physiological effects of insulin 
Banting and his collaborators reported that the administration of 
insulin caused an elevation of the respiratory quotient of diabetic 
subjects This indicates that insulin increases the oxidation of 
carbohydrate 

Lyman, NichoUs and McCann (177) observed the respiratory ex- 
change of normal and diabetic subjects before and after injection of 
insulin intravenously In all experiments on normal subjects there 
was a marked increase in R Q , reaching a maximum about 30 minutes 
after intravenous injection of 3| umts of insulin The nse in R Q 
is not so prompt as in the case with epinephrin, and may not occur until 
a considerable decrease in blood sugar has occurred The heat 
production was increased in aU cases, reachmg a m axim um of 2 5 to 
17.7 per cent above the basal level in from 10 to 60 mmutes At the 
end of 1| to 2-1 hours after injection the heat production was again 
at or below the basal value These subjects all received maximal 
or nearly maximal mtravenous doses The degree of increase 
in metabolism of diabetic subjects was observed to be approximately 
the same as with the normal controls, ranging from 2 9 to 19 6 per 
cent, vith an average value of 11 6 per cent above the basal level 
It was found that epinephrin and insuhn were antagonistic, to a 
certain extent, "V^Tien epinephrin was given 22 minutes after msulin 
the rise in heat production was much less than when epinephrm was 
given alone, but more than when insulm was given alone 

Murlm (224) and his cov/orkers have reported elevation of the 
R Q. after adrmnistration of aqueous extracts of pancreas, and have 
called attention to similar findmgs by Murlin and Khramer as early as 
1916 (223) 

PiUniary extracts A dried preparation of the antenor lobe was 
injected into two dogs by Benedict and Homans (29), with the result 
tliat body temperature and carbon dioxide ehnunation were mcreased 
in both instances This result may not be specific, and may be 
entirety due to the introduction of foreign protein substances, as in 
the case of proteose and tj^phoid vaceme studied by Barr and Cecil 
and DuBois (22) 

Bernstein (40) found that the metabohsm was depressed following the 
administration of an extract of the anterior lobe of the pituitary 
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^\^len extracts of the postenor lobe were given the mctabohsm 
increased from 19-25 per cent Snell, Ford, and Roivntree (277) 
found that mjections of pituitrin (postenor lobe) did not increase the 
heat production of patients with diabetes insipidus, a result which the 
author was able to confirm in one instance Changes in metabohsm 
found by McKinley (197) following posterior lobe injections were 
qmte small 

The anlipyrdics Sodium salicylate was given by Dems and 
Means (68) in doses up to 6 6 grams per dtem without marked effect 
upon the heat production In one case with sjmptoms of sahcylate 
mtoxication the metabolism was elevated 18 per cent above the normal 
basal level 

Barbour and Devenms (19) found that acetyl salicylic acid, given to 
normal men m 1 gram doses produced a shght mcrease in heat produc- 
tion, without sigmficant alteration in heat elimination, body tem- 
perature, or respiratory quotients However, Barbour found that 
when acetyl salicylic acid was given in 1 gram doses to patients with 
fever, the heat elimination was increased by 38 per cent, and, as the 
body temperature fell the heat production dimimshed 
Bcrrar (42) found that the administration of large doses of alow 
produced fever, and in consequence an elevation of metabolism was 
found Some of the expenmental subjects of Carpenter and Benedict 
(57) developed fever from breathing mercury vapor m the respiration 
apparatus, an increase in metabolism bemg noted 
The administration of 1 mgm of atropm was found by Higgns and 
Means (125) to increase tlie metabohsm In a previous publication 
Edsall and Means (83) found that ^ grain of atropm mcreased the 
oxygen consumption about IS per cent, and that ^ gram— mcreased 
It about 8 per cent 

Magnus Levy 184 found that the admimstration of hyoscin to a 
patient with paralysis agitans caused a dimmution m respiratory 
exchange This effect is undoubtedly due to the efiect of the drug in 
dimimshmg the tremor and muscular ngidity of this disease 
Jackson (134) studied the oxygen consumption before and after the 
administration of vanous drugs, using a recordmg spirometer, witli 
oxj'gen jn a closed circmt m whidi CO. was continually absorbed 
Volume changes due to bronchial constriction produced temporary 
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y. Simvmary 

The facts concerning the basal metabolism, which have been 
reviewed, show that there are many conditions, both normal and 
pathological, in wliich variations from the average normal standards 
are encountered The metabolism of normal adults, referred to 
surface area, varies over a range of 30 per cent (=bl5 per cent of 
average normal) It is probable that the metabohsm of children 
varies over a stiU wider range The pathological slates in which the 
greatest devia;;ions from average normal are found are those of the 
thyroid gland, fevers, and diseases of the hematopoietic system 
Smaller variations have been observed in a great number of diseases. 
These facts should make it clear that the diagnostic value of me- 
tabolism determinations is no greater than that of a total leucocyte 
count 

If the basal metabolism is determined by the most accurate tech- 
nique, under rigidly controlled condifaons, a deviation from the 
average normal can be properly interpreted only in the light of the 
most thorough and painstaking clinical study of the case In the 

P in St analysis a diagnosis must rest upon the chnical observations 
As an unbiased objective method of evaluatmg the results of 
erapeutic measures in thyroid disease, especially as a means of 
controllmg the treatment of hypothyroidism basal metabolism deter- 
minations are mvaluable 

The basal metabohsm represents only a portion, often a small 
portion, of the total daily energy transformations in health and 
disease For a more complete imderstandmg of the food reqmre- 
ments it is necessary to know the effect of food ingestion and the 
energ}'’ expenditure during muscular work When the total metab- 
ohsm is considered in this way many important correlations can 
be made between it and the functions of heart, lungs and blood, which 
will greatly elucidate the symptomatology of certain diseases. 

PART n THE EEPECTS OP INGESTION OF FOOD ON THE METABOLISM 

IN DISEASE 

a The specific dy^iamic aciton of foodstujfis 

An excellent remew' of the physiological aspects of the specific 
dynamic action of die vanous food factors has recently been made by 
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Lusk (175), who IS one of the pnnapal contnbutors m tins field 
Lusk’s conceptions of the phenomena following the ingestion of food- 
stuffs IS somewhat as follows 

Under post-absorptive conditions the tissue cells, bathed in a 
medium in which the concentrations of nutnent particles are fairly 
constant, mamtam a constant level of minimal metabolism, known 
as the basal metabolism Dunng digestion and absorption glucose, 
fat and certam ammo-aads increase in concentration in the nounshing 
plasma surrounding the tissue cells, and under these circumstances 
the production of heat by an animal increases The increase of heat 
production under these influences differs with the different kinds of 
foodstuffs admimstered 

The ingestion of carbohydrate induces a carbohydrate plethora in 
the nutntive environment of the cells to which the cells react with an 
mcreased metabolism, except when the extra glucose is being con- 
tinually depleted under the mfluence of work, or is reduced, as in 
fastmg, when the blood stream is also under the regulatory control 
of the hver 

In like manner Lusk (175) explains the speafic dynamic action of fat 
as a “metabolism of fat plethora, due to the utilization of fat by special 
fat receptive cellular afflmties ” 

“The specific dynamic action of protein consists in a specific 
chemical stimulus of the cellular protoplasm, which is independent of 
the oxidation of the cellular matenal through which the stimulus is 
applied It may be termed the metabohsm of ammo aad stimulation’’ 
(Lusk) GlycocoU and alamne are the two amino acids having the 
greatest influence on the heat production 

“The extra heat which is the product of the specific dynamic action 
of protein may be used m substitution for the extra heat induced by 
the effect of environmental cold (Rubner) ’’ 

In tlie case of glucose the demands of working muscles may prevent 
the devdopment of the carbohydrate plethora Muscular work, 
however, has little effect upon the protein metabohsm, and the extra 
heat produced by tlie ingestion of protem is not available for the 
performance of muscular work The energy requirement for work 
was found by Lusk (175) to be superimposed upon the metabohsm 
induced by the specific d3mamic acbon of protein 



Lusk found that the increase in heat production after ingestion of 
protein was proportional to the protein metabohsm of the tune 
An increase in the endogenous metabolism of protein, such as occurs 
in the case of phlorhizin glycosuria is also accompamed by an eleva- 
tion of metabolism It will be of mterest, therefore, to inquire into 
the specific dynamic action of protein in those diseases in which 
occur an increase in the “wear and tear quota” of pro tern or what is 
sometimes called a “toxic destruction of protem ” 

In typhoid fever the minimal metabolism of protein, that is the 
amount of protein required to repair wear and tear of tissues, is greatly 
increased Coleman and DuBois (63) found that the specific dynamic 
action of protem and carbohydrate is much smaller in the febnle 
penod of typhoid fever than in health and that m some cases it seems 
to be absent In convalescence it may be greater than normal 
In Uibcrculosis, on the other hand, McCann and Barr (190) found 
relatively httle evidence of toxic destruction of protein In this 
disease the ingestion of protem produces the same degree of increase 
in metabolism as is obser\’-ed m health 
Likewise in the hyperlhyroidtsm of Graves’ disease DuBois (75) 
showed the specific dynamic action of protem and dextrose to be the 
same as in health, which corresponds with the finding by Rudmger 
of a normal mtrogen minimum in this disease 
The specific dynamic action of the foodstuffs has a pecuhar beanng 
on the problem of selection of a proper diet in cases of pulmonary 
tuberculosis One of the basic pnnciples of all modem therapy of 
tuberculosis is to secure complete rest for the infected part until 
healing can occur This is particularly difficult in the case of pul- 
monary tuberculosis because complete immobilization of more than 
one lung is incompatible with hfe. When the disease is bilateral it 
is impossible to do more to secure rest for the lungs than to reduce 
tlie respiratory movements to a minimum To accomphsh this it is 
necessar 3 '’ to reduce the metabolism to a minimum for it can be shown 
that the effective alveolar ventilation vanes directly with the total 
metabohsm On empirical grounds the importance of complete 
muscular rest during active pulmonary tuberculosis has long been 
recognized The rabonale of this is undoubtedly explained by the 
fact that the breathing volume, effective alveolar ventilation, and con- 
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sequent movements of the diseased lung are least in a patient lying 
motionless in bed Other therapeubc procedures directed toward 
the same end are the control of cough, artifiaal pneumothorax, reduc- 
tion of breathing on the mvolved side by having the patient he 
on that side, and the use of weights or sand bags on the chest 
Many of the institutions, in wluch the importance of these measures 
IS fully realized, have, nevertheless, shown great inconsistency m 
that the patient was roundly gorged with food, no thou^t being taken 
of the tremendous stimulation of total metabohsm and breathing 
volume which must be the mvanable result It is true that in later 
years a reaction has occurred agamst forced feeding because careful 
clinical observation revealed many undesirable effects of such a 
regime (1921 

This problem was investigated by McCann (191), who found that 
when the metabolism was increased by the mgesbon of protem 
or fat a corresponding increase occurred m the effective alveolar 
ventilation in both normal and tuberculous subjects When glucose 
was ingested it was found that the alveolar venblation was increased 
to a much greater extent than the total heat producbon This 
result was due to the relabvely greater amounts of carbon dioxide 
wluch it was necessary to eluninate dunng carbohydrate oxidabon 
Ttom experiments of Benedict and Carpenter (36) it was shown that 
at the peak of the effect of ingesting 100 grams of sucrose the pul- 
monary venblation might increase as much as 60 per cent 

McCann (192) found that mtrogen balance could be estabhshed 
in patients with acbve tuberculosis at a fairly low level In some 
cases It was possible to attam mtrogen equilibnum with only 37 to 
44 grams of protem in the diet, provided the total calonc values of the 
diet were from 17 to 2 4 tunes the basal energy reqmrement 

In order to give such high calone-low protein diets, large amounts of 
carbohydrate and fat were required The fat was found to furmsh the 
maximum number of calones with the least effect upon the breathing 
volume The small amounts of protein would produce little effect 
on the metabolism or respirauon, but the large amounts of car- 
bohydrate used would cause a very considerable and undesirable 
increase in the volume of respiration This led to the conclusion that 
such low protein lugh calone diets were as undesirable in their way 
as were the bemendously high protem diets which were once m vogue 
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If nitrogen, balance is established in tuberculous patients at a level 
of from 60 to 90 grams of protein the total calones of the diet need not 
be so high If this amoimt of protein is divided into three or more 
meals the specific dimamic effect of protein at any given time will 
not be excessive Furthermore, if advantage is taken of the newer 
knowledge of antiketogenesis (300, 271) the diet can be made to 
contain only the minimum amount of carbohydrate which is neces- 
sary to insure complete utilization of fat If one uses Woodyatt’s 
formula (300) 

F = 2 C 4- P/2 

a 2500 calone diet containing 90 grams of protein, 75 grams of carbo- 
hydrate and 195 grams of fat, would be more than adequate for a 
patient of average size with active febrile tuberculosis of the lungs 
while at rest Such considerations as the above are obviously of no 
impo;rtance for non-puhnonary forms of tuberculosis 
b Respiratory exchange and the tntermediary melahohsm in disease 
Since the respiratory quotients which are charactenstic of the com- 
bustion of carbohydrate (1 0) and of fat (0 71) are so different, the 
determmation of the non-protem respiratory quotient affords a means 
of calculating the relative amounts of carbohydrate and fat oxidized. 
In order to calculate the non-protein respiratory quotient it is neces- 
sary to know simply the total amounts of carbon dioxide and oxygen 
exchanged in a given penod of time and the amount of protein me- 
tabolized during the same period of time As a measure of the protein 
metabolism it is customary to use the urine nitrogen excretion during 
the period of observation This is at best an approximation because 
of the fact that there is undoubtedly an interval between the pro- 
duction and excretion of the end products of protein metabohsm This 
inten'al probably varies with different individuals and in the same 
incli\udual it depends somewhat upon the activitj'’ of diuresis The 
diuresis from water drinking maj’- wash out more nitrogenous end 
products tlian are produced in the metabolism of the time In spite 
of these objections one may still obtain by the calculation of Zuntz and 
Shumburg (304) a fairly reliable approximation of the proportions in 
which tlie foodstuffs are bemg oxidized From the unne nitrogen the 
amount of protein metabohzed is calculated From this, in turn, a 
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calculation is made of the amounts of carbon dioxide produced and 
of oxygen absorbed in the protein metabolism The carbon dioxide 
and oxygen of protein metabohsm are subtracted from the total 
amounts of these gases exchanged, the differences represent the CO 2 
and Oj of the non-protctn metabolism, that is the metabolism of fat 
and carbohydrate In this uay the noii-protein respiratory quotient 
IS obtained 

Wlien the noji-protein R Q is 1 0 all of the heat of the non-protein 
metabohsm is assumed to be denved from carbohydrate A non- 
protem quotient of 0 71 would indicate that all of the non-protein 
calones were produced by fat combustion Zuntz and Shumburg 
(304) have calculated the relative percentage of fat and carbohydrate 
undergoing oxidation simultaneously corresponding to different res- 
piratory quobents between the limits of 0 707 and 1 0 

The heat value of a liter of oxygen consumed in the non-protem 
oxidation depends upon the relative amounts of carbohydrate and 
fat undergoing metabohsm When the non-protem R Q is 1 0 and 
carbohydrate alone is being oxidized the heat value of 1 liter of 
oxygen was calculated by Zuntz and Shumburg to be 5 047 calones 
Wlien the non-protem R Q was 0 707 and fat alone was burned it was 
calculated to be 4 686 calories For mtermediate values of the 
respiratory quotient the heat values he between the hnuts given In 
this nay the heat of the non-protem metabohsm may be calculated 
Certain speaal conditions must be recognized in connection with 
such calculations Respiratory quohents, followmg the ingestion of 
carbohydrates, are sometimes observed to be greater than one 
Provided it can be shown that this is not due to overvenlilation of the 
lungs quotients greater than 1 0 may be explained as due to the con- 
version of carbohydrate mto fat Under special circumstances the 
respiratory quotient may be less than 0 70 The explanation of such 
quotients will be discussed presently Also, it must be recognized 
that the calculations of Zuntz and Shumburg can not be made if 
there is reason to suppose that non-protem substances other than 
fat and carbohjdrate are undergoing oxidation Such conditions 
arise after the mgestion of alcohols, or during tlie metabohsm of 
aldehydes, ketones, etc Finally, it must be emphasized that all such 
calculations arc not valid if the normal control of the breathing is 
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interfered "with in any way, either by the apparatus employed or by 
the effects of a drug such as epineplinn 

Krogh and Lindhard (151b) have recently advanced an hypothesis, 
which, if it is substantiated, will introduce new aspects into the 
interpretation of the respiratory quotient In work expenments 
they found that the niechamcal efficiency of their subjects was less 
when the R Q’s were low From their data they calculated that there 
was a loss of energj’’ amounting to 11 per cent when the energy for 
work was denved from fat This waste of energy may be the result 
of the necessity of converting fat into some other substance which 
can be used by muscles in performing work Krogh and Lindhard 
(151b) regard it is probable that carbohydrate can no more be burned 
without fat than fat can be burned without carbohydrate Their 
hypothesis is that carbohydrate is formed from fat and provisionally 
stored when the quotient is below 0 8, wliile a corresponding trans- 
formation of carbohydrate to fat takes place when the quotient 
is above 0 9 , that these anabolic processes make the R Q lower than 
tlie catabolic when this is low and higher when it is high, and that they 
give nse to an extra expenditure of energy during rest, and, finally, 
that during work tlie anabolic processes (combmed with storage) 
are not increased m proportion to the catabolic, whereby the total 
quotient is lowered when it was high and raised when it was low 
beforehand 

The above hypothesis best explains the observations of Krogh and 
and Lindhard It is probably correct as regards the conversion of 
fat into some other substance before being used as a source of energy 
for muscular' work The nature of this conversion is still unknown 
That fat is convertible into carbohydrate, except for the small amount 
denvable from its glycerol, is improbable in view of the expenments 
of Lusk (166), who “found in a phlorhizmized dog which had been nd 
of glycogen by shivering and ex;ercise that the composition of the urine 
was unchanged as tlie result of travehng 1500 meters in a revolving 
vheel, an effort which would have more than doubled the metabolism 
of fat during tlie hour when tlie exerdse was taken ” The data of this 
experiment, given in Lusk’s “Science of Nutrition,” page 458, are as 
follows 
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rose more rapidly in these cases after taking glucose than in normal 
persons These authors calculated that about 18 per cent of the 
ingested sugar was burned by the normal controls during tlie two 
hours after ingestion against 36 per cent by the thyrotoxic cases 
dunng the same period Cramer and McCall (66) came to similar 
conclusions after studying the respiratory exchange of rats on a 
standardized diet before and dunng penods of thyroid feeding 
In phlorhizm glycosuna of dogs Lusk found that admmistrahon 
of glucose and fructose produced little change m the heat production 
with no evidence from the respiratory quotients to mdicate the oxida- 
tion of any considerable amounts of these sugars 
In diabetes melhtus there have been many mterestmg studies of the 
effects of pure foodstuffs on the respiratory exchange When dextrose 
IS administered to diabetic subjects m many cases a pronoimced fall 
in respiratory quotient is observed, which may be prolonged for 
several hours This effect of dextrose was noted in the expenments 
of Nehnng and Schmoll (226), Wemtraud and Laves (295) and of 
McCann and Hannon (194) Expenments are reported by Livierato, 
Johannsson(136),and Achard and Bmet(l)in which the COj excretion 
was observed to diminish after ingesting glucose, the respiratory 
quotient not bemg determined 

The R Q is notmvanably depressed after giving glucose in diabetes 
In some cases no appreciable change in quotient is noted, m others 
a nse in R Q occurs which is less rapid than normal In two cases 
observed by McCann and Hannon (194) patients with severe diabetes 
showed a nse in R Q after dextrose which was quite as rapid as that 
occurnng in many normal subjects 

Mohr (213) noted a marked decrease in R Q after givmg protein to 
diabetic subjects This recalls the similar effect of giving protem to 
a normal man at the end of an eight day fast (McCann 19201 Also, 
in the subject studied by Wilder, Boothby and Beeler (297) a decrease 
m R Q was noted after meals, particularly if these were nch m 
protem In certain mild cases of diabetes Scib (270) noted a nse in 
R Q after protein was given 

The results of admimstration of Icvulose to diabetic subjects are 
often quite different from those produced by dextrose, just as they 
are with normal subjects Joshn reports numerous experiments with 
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le'v'xilose. He foimd that levulose produced an average maximum 
increase of 0 09 m the R Q but that the average R Q. after levulose 
v*as 0 03 above the basal level Only one experiment vith dextrose 
alone vas given, but in this case the maximum rise vas 0 03 and the 
average R Q. after dextrose vas 0 02 above the basal level. Joslin 
also found that ingestion of orange juice and sucrose were capable of 
producing considerable elevations of the RQ. in severe diabetes 
A comparison of the ability to oxidize dextrose and leimlose v.'as made 
by Wilder, Boothby and their covorhers (298). These authors also 
found that levulose produced an elevation of R.Q. much more readily 
than glucose in diabetic subjects, both before and after treatment 
with insulin, confirming the view long held by Iilinkowski regarding 
the superior utilization of levulose 

On account of the importance of phosphoric acid in the intermediary 
metabolism of carbohydrate it is of interest to compare the effects 
of dextrose and of the hexose phosphoric ester on the respiratory 
exchange in diabetes Such a comparison w'as made by McCann and 
Harmon (194) who found that the respiratory quotients rose more 
readilj’ after the ingestion of calcium hexose phosphate than they did 
in the same diabetic subjects after ingestion of dextrose The hexose 
phosphonc ester on hydrolysis yields a levo-rotary reducing body 
which is probably levulose The formation of le%mlose from the 
he.xose phosphate ma}^ account for the more rapid elevation of the 
R Q in the diabetic subjects whose power of oxidizing glucose ivas 
impaired 

Gtycerol was foimd by IMcCann and Harmon (194) to produce a 
change in the R Q of diabetic subjects quite similar to that produced 
by dextrose. Glycerol however produced a fall in R Q. in normal 
subjects \Wien glycerol and glycerophosphates were compared as 
to their effects on the respiratoiy metabolism in diabetes no evidence 
of a superior utilization of the phosphoric ester was obtained. 

Concenung the sig7itftcancc of the respiratory quotient in diabetes 
there is much uncertainty. The vast majonty of diabetic subjects 
are found to have quotients much below the average of normal 
subjects m the post absorptive condition. In a large series of obser- 
vations by Joslin the average diabetic R Q before Jime, 1914 was 
0 73, and after that date it was 0 77. In general it is safe to assume 
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that the quotients are low because of the very small portion of the 
calories derived from carbohydrate A tendency for the R Q to nse 
is generally welcomed as evidence of increasing ability to utilize 
carbohydrate Allen and DuBois (2), and Joshn (138) point out 
extremely hi^ respiratory quotients are sometimes encountered in 
severe diabetics (R Q = 0 94) under circumstances which make it 
highly improbable that carbohydrate is being oxidized Joslin is 
inclined to interpret these high quotients as indicating a conversion 
of carbohydrate into fat Such cases observed by him were usually 
in extremis and greatly undenveight and proved to have very low 
basal metabolism The lack of available fat may have encouraged 
the formation of fat from the superfluous sugar Concermng other 
factors which tend to elevate the R Q in diabetes one must consider 
the oxidation of acetone bodies and the excretion of a high proportion 
of urinary nitrogen as NHs instead of urea 
Abnormally low respiratorj quotients (below 0 707) are encountered 
uith great frequency Lusk (170) has wntten the most adequate 
discussion of the probable significance of these low quotients He 
calculates that if none of the carbohydrate, which is formed from 
protem is oxidized, the R Q for protein would become 0 63 instead 
of 0 81 He quotes Magnus Levy’s calculation that tlie formation of 
the maximum amount of ^-hydroxybutync acid from fat would change 
the quotient for fat from 0 707 to 0 669, but Lusk adds that the 
/3-hydroxybutync aad acting on bicarbonates m the body would 
displace CO 2 with the result Uiat the quotient would be elevated rather 
than depressed However such extremely low quotients are practi- 
cally never encountered except when marked acidosis exists It is 
quite obvious that the interpretation of the respiratory quotient in 
diabetes is largely speculative at the present time, and that existing 
views may be much modified by the conceptions of Krogli and 
Lindhard (151b) 

Joshn (138) states that “the respiratory quotient m diabetes 
appears to bear a defmite relation to the metabolism m that it is low 
when the metabolism is high and higher when tlie metabolism is low ” 
This statement is in accord with the findings of Rrogli and Lindhard 
(151b), who found that tlie standard metabolism was lowest at mter- 
mediate quotients and higher with veiy low' quotients and with very 
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high E. Q’s The variations of heat prodncUon at different quotients noted 
by Joshn (138) are greater than those noted by Krogh and Lmdhard, 
whose subjects had a nunimal protein metabolism For instance 
Joshn states that “the average respiratory quotient before June, 
1914 was 0 73 and after June, 1914, 0 77 The average metabolism 
was 13 per cent above standard in the earlier penod and 10 per cent 
below standard in the later penod,” Prior to Jime, 1914, Joshn’s 
patients had been treated by older methods which permitted the use 
of large quantities of protein and fat After that date the method of 
fasting and undemutrition was used with supenor results Wilder, 
Bootbby and Beeler (297) have also observed that climcal improve- 
ment IS accompanied by a decrease m the metabohc rate In the 
author’s onm series of cases this observation has been confirmed, and 
it IS his opinion that the decrease in metabolism occurs when the 
endogenous protein metabolism decreases as the result of low protein 
mtake and increased utilization of fats and carbohydrates It is 
notable that the nitrogen excretion per kilogram of body weight of 
Joslin’s patients before June, 1914, was almost one half greater than 
tlie nitrogen excretion after that date The comcidence of marked 
decrease m basal metabolism ivith chnical improvement and decreasing 
protein metabolism is beautifully illustrated in the case of Gerald S 
studied by Allen and DuBois (2) 

Calorimetnc observations have been used m a variety of ways in 
studymg the effects of different types of treatment Allen and 
DuBois (2) studied the “oatmeal treatment, ’ which was once m 
vogue In their observations no special influence of oatmeal in 
diabetes or special readmess of oxidation of this form of carbohydrate 
was demonstrable The respiratory exchange failed to account for 
all the carbohydrate that disappeared 

McCann, Hannon and Dodd (196) showed that the improvement of 
patients treated •uuth insulm was very well brought out by com- 
panson of the curves of the R Q ’s after ingestion of glucose before and 
during the course of treatment Patients in whom glucose at first 
caused depression of the R Q subsequent to a penod of treatment with 
insuhn showed ounces in vliich the quotient rose promptly 

In the foregoing review of the contnbutions of the study of respira- 
toiy metabolism to the problem of diabetes mellitus the author 
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acknowledges very numerous omissions It is impossible at the 
present time to arrange m a coherent and orderly manner aU of the 
immense number of expenments in this field It is beheved that the 
main trends of investigation have been presented 

PAIIT m THE MECHANICAL EFrICIENCy 

The cost of muscular effort in pathological states has received scant 
attention from chmcal investigators It is most unfortunate that so 
httle has been done in what is, after all, a very important field 

Using the mtrous oxide method of Krogli and Lindhard it was 
shown by Bootliby (46) that the rate of circulation of the blood and 
the pulmonary ventilation vaned proportionally with the rate of 
oxygen consumption m normal subjects Means and Newburgh 
(199) found a progressive increase in blood flow in response to increas- 
mg amounts of work R G Pearce (237) has also given a most 
interestmg discussion and data bearing on the same pomts The 
techmcal details of these investigations need not be discussed in this 
place The important fact is that the functional demands made on 
the respiratory and circulatory mechanism depend upon the rate of 
metabolism It is highly essential in the rational management of 
patients with respiratory and circulatory diseases that the physician 
should have some idea of the effect of muscular effort upon the rate 
of metabolism 

In exophthalmic goitre the occurrence of tachycardia is one of the 
cardinal phenomena of the disease Sturgis and Tompkins (281) 
have shown very strikingly die parallelism of the changes in the 
basal pulse rate and the basal metabolism in hypertliyroidism It 
would seem that the acceleration of the pulse in Graves’ disease gives 
a fairly accurate measure of the increased rate of arculation of die 
blood reqmred by the increased metabolism at rest m die majonty 
of patients Careful observation of severe cases of Graves’ disease 
reveals die fact that breathlessness on slight exertion is a very common 
symptom In the later stages of the disease evidences of myocardial 
damage, arrhythmias, especially auncular fibrillation, are frequently 
observed It is qmte clear that the functional demands made upon 
the heart muscle in Graves’ disease are very great and that in many 
cases severe myocardial injury is present Striking examples of 
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myocardial lesions in hyperthyroidism have been given by Good- 
pasture (100), who found that products of the thyroid alone could not 
be entirely responsible for the cardiac lesions Whatever may be the 
cause of the increased susceptibility to injury of the heart in hyper- 
thyroidism the increased functional demands upon this organ must be 
an important contributory factor 

An entirely new phase of this subject has recently been investigated 
by Plummer and Boothby (246) These authors compared the me- 
chamcal efficiency of six patients with exophthalmic goitre with that 
of three normal men and four debilitated patients The average 
net expenditure of energy of the normal and debilitated individuals 
was 1 18 calones per kilogram meter of work performed in walking 
horizontally on a treadmill at the rate of 800 meters per hour The 
average net cost of the same work by the exophthalmic patients was 
almost twice aS great, being 2 22 calories per kilogram meter 
Furtliermore it was brought out that the mechamcal efficiency may 
increase if the basal metabohsm is decreased following operative 
treatment Thus one of these patients whose metabohsm was 51 
per cent above the average normal required a net expenditure of 
2 07 to 2 16 calories per kilogram meter Six days after operation the 
basal metabolism was only 25 per cent above average normal and the 
net cost of the same work was only 1 73 to 1 75 calories These find- 
ings are most significant when one considers that every effort on the 
part of a patient with hyperthyroidism may reqmre twice as great an 
increase in blood flow and in alveolar ventilation as that which would 
occur in a normal individual in performing the same external work 

Similar investigations had previously been made by Peabody and 
Sturgis (236) on patients TOth organic heart lesions It was found that 
the slight amount of exerase involved in climbing up sixty steps pro- 
duced the same relative changes in oxygen consumption, pulmonary 
ventilation and heart rate in a group of patients with heart disease 
and in a similar group of normal mdmduals The greater subjective 
dyspnoea of tliese patients does not depend upon a greater metabolic 
cost of work, but rather upon secondary alterations in the respiratory 
mechanism 

Curiosity is immediately aroused as to the possible bearing of 
similar studies m the group of mdividuals, who suffer from breath- 
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lessness, palpitation, tachycardia and excessive fatiguability without 
demonstrable lesions in the arculatory or respiratory organs In 
these cases vanous diagnoses have been applied such as Effort Syn- 
drome, Disordered Action of the Heart, and Soldier’s Heart Are 
these symptoms due to low mechanical efficiency so tliat the per- 
formance of work IS accomplished at the cost of an abnormally great 
expenditure of energy causing an excessive response on the heart of 
heart and lungs? At present no data are available, though the prob- 
lem is undergoing investigation m the author’s laboratory 

It will be seen from the foregoing account that very httle is known 
of the mechanical efficiency of the body in disease For the benefit 
of those who desire to investigate this interesting subject there exists 
an abundance of physiological studies which may serve as a guide 
to the techmque of investigation and as controls to the results ob- 
tained in pathological states 

The early physiological literature conccrmng muscular effiaency 
has been well reviewed by Benedict and Cathcart in their monograph 
on muscular work (31) A more recent review of the literature may 
be found in Lusk’s classical work on the Saence of Nutrition This 
latter author has dealt with the subject m the widest sense, bemg 
particularly concerned with qualitative as well as quantitative changes 
in the metabolism during muscular work 

The mechanical effiaency of normal individuals vanes with the 
nature of the vork Differences exist between efficiency in bicycle 
nding and in walking, and between walking on a level and walkmg 
up an indine Even in honzontal walking the expenditure of energy 
in walkmg on a laboratory floor may be much less than m walking on a 
level grass plot at tlie same rate (Douglas, Haldane, Henderson 
and Schnader (69) ) 

The effect of training on the effiaency of subjects is most important 
Unfortunately for tlie clinical investigator a great deal of the physi- 
ological work has been earned out with trained subjects In the 
study of abnormal subjects controls should be selected who have not 
undergone special physical training Special training for a particular 
kind of work may also increase effiaency in performing that work 
Of two mdividuals whose effiaency in walkmg is equal, one miglit 
prove to be much more efficient in bicycle nding (through practice) 
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than the other For clinical trials horizontal walking at low rates of 
speed would seem to be the best form of work because of the fact that 
practicaUy everyone is accustomed to walking 
The effiaency of muscular work depends to a great extent upon the 
rate at which the work is performed Lupton (165) caused his 
experimental subjects to ascend stairs at different rates of speed 
He found that the mechamcal efficiency of movement varies with 
speed in a manner corresponding to that predicted by A V. HUl (128) 
The effect of diet upon the mechamcal effiaency is of considerable 
importance In 1901 Frentzel and Reach (91) in the laboratorj’- of 
Zuntz showed that the extra metabohsm per umt of work was greater 
when fat was the principal source of energy than when carbohydrate 
was the chief source Anderson and Lusk (4) found that a dog could 
perform work more economically after glucose ingestion than it could 
dunng starvation or after the ingestion of meat or alanine The 
experiments of Lusk show that very little if any of the energy derived 
from protein is available for muscular work 
Kro^ and Lindhard (151b) have performed a most careful series 
of experiments during muscular work from which they have shown 
that there is a considerable waste (about 11 per cent) when Eat is the 
source of energy In these experiments the proportions of foodstuffs 
utffized was calculated from the respiratory quotient The general 
character of the metabohsm dunng the experimental penods was 
regulated by means of the diet A most important feature of the diet 
regulation w^as the estabhshmg of a minimal mtrogenous metabohsm 
so that the speafic dynamic effect of protein would not be a disturbmg 
factor 

It is clear that work can be more economically performed when 
carbohydrate is the chief source of energy The differences in 
mechanical efficiency on different diets is less than any differences 
vhich will be found to possess chmcal significance It will be well for 
experimenters to estabhsh the same conditions as to type of diet 
preceding efficiency tests for botli normal and pathological subjects, 
in order to ehminate minor differences due to diet 

The effect of altitude and of oxygen tension upon the muscular 
effiaency may enter into the interpretation of results ob tamed in some 
pathological states The members of the Pikes Peak Expedition 
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(69) found no great differences in the metabolic cost of walking on 
Pikes Peak after acclimatization and at sea level Nor did Hassel- 
balch and Lmdhard (120) detect a difference in the cost of work m a 
cabinet at low ovygen pressure E C Schneider (268) has reported 
recently that physical evercise caused a higher rate of metabohsm 
dunng the first days at 14,110 feet than was normal at lower altitudes 

PART IV TOTAL ENERGY REQUIREMENTS IN DISEASE 

From the foregoing discussion it must be evident to the reader 
that calonmetnc observations of normal men provide msuffiaent data 
for the calculation of the energy requirements in disease In any 
given pathological state the energy requirement may be said to be the 
amount of energy necessary to maintain the weight and to prevent 
waste of body protem, and in the case of children, to permit growtli 
as well It concerns not only the total energy value of the food, but 
also the proportions in which energy is denved from the foodstuffs, 
protein, fat, and carbohydrate 


Fevers 

In typhoid fever Shaffer and Coleman (272) found that it was neces- 
sary to employ diets fuvmshing a large number of calones in order to 
establish nitrogen balance and weight equihbnum Coleman and 
DuBois (63) found that the basal metabolism in tjqihoid fever was 
increased from 36 to 40 per cent above the average normal It was 
also observed that it was necessary to give a diet which exceeded the 
theoretical energy requirement by from 50 to 110 per cent in order to 
bring patients mto weight and mtrogen equihbnum (64) The 
adnumstration of this excess of food did not appear to increase the 
basal metabohsm, so that the fate of the excess food has never been 
detenmned There was some evidence that typhoid patients could 
store fat m the body even while losing bo'dy ^weight and body protein 
The satisfactory eluadation of this point would require contmuous 
observation of a patient receiving a high calone diet tliroughout a 
period of tw enty-four hours 

A somewhat similar state of affairs concerns the total energy value 
of the diet reqmred m tuberculosis McCann and Barr (190) found 
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I AVEBAGE 

KANGE 

GROUT rvc 

Protein 

per cenl 

15 

per cent 

11-23 

1 between 14 to 16 per cent 

Fat 

34 

21-51 

^ between 30 to 40 per cent 

Carbohydrate 

51 

38-65 

f between 44 to 55 per cent 


An important study of the spontaneous intake of infants from the 
fifth to twelfth day has also been made by Faber (87), in which it was 
determmed that the actual intake was in excess of the estimates based 
on calorimetric studies 

The foregoing investigations are of enormous value from the stand- 
point of preventive medicme They will also form the starting pomt 
of much further investigation of the energy requirements in diseases 
of children, concerning which little is known at present, 

R]ESUil£ OF THE CONTRIBUTIONS OF CALORIMETRY TO MEDICINE 

i 

As a result of calorimetric studies the basal metabolism of normal 
adults may be predicted mth a fair degree of accuracy That of 
normal children is likewise predictable, though less accurately than 
with adults The basal metabolism of normal adults may vary from 
time to time over a range of ±15 per cent of the average Environ- 
mental influences and nutritive conditions are factors in these normal 
day to day variations 

The development of normal standards for basal heat production 
made possible the determination of vanations from normal m patho- 
logical states The diseases, in which gross variations from normal 
were discovered, are those of the thyroid gland, the fevers, and 
certain diseases of tlie hematopoietic system In those conditions 
which produce marked abnormalities of the basal metabolism its 
determmation for diagnostic purposes is usually superfluous, though 
It remains of value as a measure of the seventy of hyper or hypo- 
thyroidism, and is thus useful as an index of the effectiveness of treat- 
ment of these two conditions 

IVImor vanations from the average normal basal metabolism occur 
in such a wide vanety of pathological states tliat a searching chmcal 
analysis is necessary for the evaluation of tlie metabolism test The 
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possibilities of technical errors m the determinations are greatly 
multiplied by the ividespread use by inexpenenced observers of simple 
forms of apparatus lacking adequate checks and controls Not all 
of the errors lie withm the apparatus Careful control of environ- 
mental and nutntional conditions and avoidance of emotional reac- 
tions are called for Taking ah things into consideration the 
diagnostic value of basal metabolism tests may be said to be very 
slight 

Calorimetry has made notable contributions to the knowledge of 
die heat regulatmg mechamsms m fever, to the action of antipyretic 
drugs, and to the knowledge of dietarj' reqmrements in fevers It has 
added much concerning the actions of drugs, notably of extracts of 
thyroid, adrenals, and pancreas 

The study of the respiratory exchange has greatly elucidated the 
intermediary metabolism m health and in disease, parbcularly m 
diabetes 

The problem of detcrmming tlie food requirements in health and in 
disease has not been solved enturely by calonmetry One may pre- 
scribe a diet on the basis of calonmetnc data, but “the proof of the 
pudding IS in the eating ” In some instances the energy reqmrement 
has been dctenmnod by measurement of the food mtake wluch w'as 
reqmred to maintain normal weight, to spare body pro tern, and, m the 
case of cliildren, to promote normal growth The use of this method 
has in several instances proved the energy reqmrement to be greater 
than the prediction based on calonmetnc measurements alone, for 
instance, in the case of typhoid fever and of normal children The 
method is, however, a special application of calonmetry, since a 
knowledge of the heat values of foods is essential to the computation 
The interrelationships of the cnergj'- transformations with tlie 
functional demands on the heart and lungs are important considera- 
tions in regulation of the diet and exercise, for mstance, in such a 
disease as pulmonary tuberculosis Wlien further studies of the 
mechamcal efficiency have been made a knowledge of these relation- 
ships will find important tlicrapeutic applications in many diseases 
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A REVIEW OF THE INVESTIGATIONS CONCERNING THE 
ETIOLOGY OF MEASLES 


ANDREW WATSON SEELARDS 
Uarvord Medical School, Boston, M assachiiseUs 


INTRODUCTION 

The etiology of measles and, indeed of all the exantliemata of man, 
constitutes one of the perplexing problems m mcdicme At one 
tune, the somewhat discouragmg impression prevailed that these 
infections are probably caused by a type of parasite wholly unlike 
any of the patliogenic micro-organisms with which we arc familiar, on 
the other hand, an opmion, deadcdly too hopeful, has sometimes 
been expressed that the discovery of the etiologic agent of one of the 
acute exanthemata would lead to the clearmg up of the entire group 
A little reflection shows that this latter view is rather sweeping The 
underlying pathological processes of the various exanthematous lesions 
are often dissimilar and micro-organisms as diverse as (1) Treponema 
palhdum, (2) Rikctisia prmuazelt, and (3) B typhosus ^ are each capable 
of producing a well marked skin rash 
In the investigation of infectious diseases of unknown origin, the 
dmical features frequently suggest the general group of parasites in 
nhich tlie etiologic agent would most likely be found In the study 
of measles, it is important to note its mode of transmission, the portal 
of entry of the virus, tlie self-limited course of the infection and the re- 
sulting immunity Occasionally, investigators have described proto- 
roan-like bodies as the causative agent of the disease, apparently 
disregardmg the consideration that typical protozoa arc not trans- 
mitted by droplet infection and usually produce a more or loss chronic 
type of disease nhich is not folloned bj a sterilizing immunity It 
would be extremely surprising if tlie etiologic agent of measles should 
prove to be a protozoan parasite 
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Epithelial structures, adjacent to the lesions become infiltiayc 
endothebal leucocytes In all early lesions, collections of exudafet 
noted in the skin beneath the cornified layer, containing serum, fibrat 
endothelial leucocytes No evidence was found of any necrotic Iwoib''d 
as /the pyogenic cocci produce Very little diapedesis of red cell r. 
observed. 


The authors considered that these findings signify that theniir 
organisms of measles is phagocy ted by the endothelial cells d t- 
capillaries and venules of the sldn and mucous membrane, prodaiL: 
an inflammatory reaction in the immediate neighborhood. 

It is significant that, m an excised typhoid rose spot, the aufe' 
report “a cellular reaction like that of measles, but rather 
abundant ’’ 

Ewing (2) m 1909, in describing the lesions of measles, no{(^l^ 
mitotic figures in the endothelium and the extensive infiltrations 
the lesions of the mucous membrane and of the skin TOth large ffo® 
nuclear leucocytes No single type of cellular change was o 
constantly Indeed, some peculiar changes observed in a case ^ 
hemorrhagic measles were duplicated almost exactly in a case m 
pUyriasis rosea Ewmg considered that, from the histological F 
alone exclusive of climeal considerations, one might think n ^ 
diagnosis of measles included more than one disease 
that measles is caused by an actively multiplying aly 

the class of bacteria, produemg an active toxin having a specia a 
for superficial epithelial cells ■ ^ 

Field (3) in 1905, studied some of the supposedly protozoan » 
organisms which had been described in measles He coneWeJ 
these bodies were not protozoa, but that they were probahy 
orating and cytolyzed epithelial ceUs and leucocytes, which 
certain limits are specific for measles and scarlet fever , 

te sigmficant and at the same time unfortunate yat 

prccedmg observations lies in the fact that no pathognomonic c ^ 
reaction m measles has as’yet been clearly established. 
u ymg sections of doubtful rashes such as may occur in e^pc 
una s, one may determine whether the lesions are oons^^ e 
eas es but an absolute diagnosis can not be established so 

the histological picture. 
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INTRODUCTION 

The etiology of meisles and, indeed of all the exanthemata of man, 
constitutes one of the perplexing problems in medicine At one 
time, the somewhat discouragmg impression prevailed that these 
infections are probably caused by a type of parasite wholly unlike 
any of the pathogenic micro orgamsms with which we are famdiar, on 
the otlier hand, an opmion, decidedly too hopeful, has sometimes 
been expressed that the discovery of the etiologic agent of one of the 
acute exanthemata would lead to the clearmg up of the entire group 
A little reflection shows that this latter view is rather sweeping The 
underlying pathological processes of the various exanthematous lesions 
are often dissimilar and micro-orgamsms as diverse as (1) Treponema 
pallidum, (2) Riketlsia prowazcli, and (3) B typhosus, are each capable 
of produang a well marked skin rash 
In the investigabon of infectious diseases of unknown ongin, the 
clmical features frequently suggest the general group of parasites in 
which the etiologic agent would most hkely be found In tlie study 
of measles, it is important to note its mode of transmission, the portal 
of entry of the virus, the self-limited course of the infection and the re- 
sulting immunity Occasionally, investigators have described proto- 
roan like bodies as the causative agent of the disease, apparently 
disregardmg the consideration that typical protozoa arc not trans- 
mitted by droplet infection and usually produce a more or less chronic 
type of disease which is not followed by a sterilizing immunity It 
would be extremely surprising if the eUologic agent of measles should 
prove to be a protozoan parasite 
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In reviewing the experimental work concerning measles, three 
general subjects will be considered, namely (1) the histologic pathol- 
ogy of the specific lesions, (2) the artificial inoculation of the disease 
in man and lower animals, and (3) cultural studies on artificial media 
These procedures represent the underlymg principles upon which 
tlie study of an unknovm 4drus is usually undertaken Various inves- 
tigators have studied these features rather extensively m measles 
with results tliat are sometimes difficult of interpretation, but which 
possess considerable interest The divergent observations described 
in the literature will often necessitate the introduction of considerable 
detail m this review in order to bring these conflicting data into 
harmony as far as possible 

HISTOLOGICAL INVESTIGATIONS 

The chief interest in the microscopic exammation of the lesions of 
measles in tlie skin and mucous membrane lies in the search for the 
speafic etiologic agent Since the portal of entry and the primary 
lesions of measles occur m the mucous membrane of the respiratory 
tract, it seems reasonable to assume that the Kophk spots are pro- 
duced by the specific organism of the disease per se The clinical 
features indicate that the exanthem is caused by the presence of a 
specific microorganism and not solely by a toxm The generalized 
rashes caused by agents m solution, such as drugs and sera, make 
their appearance irregularly over the surface of the body Areas 
tliat are widely separated may become mvolved simultaneously In 
measles there is a definite and rather gradual progress of the rash 
from the uppermost parts of the body downward over the trunk, 
arms, and lower extremities 

Careful microscopic exammations for parasitic organisms has 
revealed very little, either in the Koplik spots of the mucous mem- 
brane or in the slon lesions In the endothelial cells of the capil- 
laries runmng through the skin lesions and also in Kophk spots, 
Mallory and Medlar (1) found coccoid bodies of variable size occur- 
rmg, in the cytoplasm, either singly or in pairs These bodies stained 
positively by Gram’s method Their exact nature could not be deter- 
mined. The authors considered it unlikely that these bodies could 



ETIOLOGY or MEASLES 


101 


be the remains of phagocjted and digested leucocytes Neither 
did it seem probable that they were retrograde changes since these 
cells tended to prohferate rather than degenerate These bodies in 
some respects were similar to enlarged centrosonies but the authors 
considered that they were probably cocci in various stages of disso- 
lution They were found in the digestn'c vacuoles in the cytoplasm 
and they did not occur in the blood vessels in una,flected tissues of 
the body Nothing resemblmg these bodies could be found in control 
examinations of a variety of other skin lesions 

A thorough examination of fresh and stamed blood smears for 
parasites was made by Mallory and Medlar m 60 instances but with 
negative results In 15 cases, examinations were made every four 
hours beginning twenty-four to forty-eight hours before the eruption 
started and contmuing twenty-four to thirty-SLx hours after its 
appearance This failure to recognize microorgamsms does not by 
any means preclude their presence in the skin lesions One need 
only recall the difficulty not mfrequently encountered m demon- 
strating microscopically m tissues such organisms as B luherculosis 
or T pallidum 

The histological pathology of the lesions of measles becomes of 
direct interest m view of its possible bearing upon the diagnosis of 
experimental measles in lower animals 

The older writers considered that the roseolae of measles, developed 
prmcipally around the sebaceous glands, the sweat glands, and the 
hair follicles It is definitely shoivn by Mallory and Medlar that the 
lesions commence around the capillaries and venules in the skin, 
starlmg at a given point and spreadmg along these vessels Inci- 
dentally the glands and hair follicles become secondanly involved 
Their findings may be stated very bnefly as follows 

The essential cellular reaction of the skin lesions in measles may be 
summed up as consistmg of a proliferation of vascular endothelial cells, of 
an emigration of endothelial leucocytes and of a rapid proliferation of 
them in the tissues surrounding the vessels The endotliehal cells become 
swollen and finelj granular and show occasional mitoses The endothchal 
w-'cocjtes are young and active, showing numerous mitoses They are 
0 en larger than normal and they phagocjte and digest the occasional 
Po jonorphonuclear leucocytes which wander into the infiltrated area 
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Epithelial structures, adjacent to the lesions become infiltrated wath 
endothehal leucocytes. In aU early lesions, collections of exudate were 
noted in the skin beneath the cornified layer, contaimng serum, fibrm and 
endothehal leucocytes No evidence was found of any necrotic lesions such 
as the pyogenic cocci produce Very httle diapedesis of red cells was 
observed 

The authors considered that these findings signify that the micro- 
organisms of measles is phagocyted by the endothehal cells of the 
capillaries and venules of the skin and mucous membrane, producmg 
an inflammatory reaction in the immediate neighborhood 

It is significant tliat, in an excised typhoid rose spot, the authors 
report “a cellular reaction like that of measles, but rather more 
abundant ” 

Ewing (2) in 1909, m describing the lesions of measles, noted the 
rmtotic figures m the endothelium and the extensive infiltration of 
the lesions of the mucous membrane and of the skin with large mono- 
nuclear leucocytes No smgle type of cellular change was foimd 
constantly Indeed, some peculiar changes obser\’’ed in a case of 
hemorrhagic measles were duplicated almost exactly m a case of 
piiyrtasts rosea Ewmg considered that, from the histological picture 
alone exclusive of climcal considerations, one might think that the 
diagnosis of measles included more than one disease He surmised 
that measles is caused by an actively multiplying microorganism, of 
the class of bacteria, producing an active toxin having a special afiBnity 
for superficial epithelial cells 

Field (3) in 1905, studied some of the supposedly protozoan micro- 
organisms which had been described m measles He concluded that 
these bodies were not protozoa, but that they were probably degen- 
eratmg and cytolyzed epithelial cells and leucocytes, which within 
certain limits are speafic for measles and scarlet fever 

The significant and at the same time unfortimate feature of the 
precedmg observations lies in the fact that no pathognomonic cellular 
reaction in measles has as*yet been clearly established Therefore m 
studymg sections of doubtful rashes such as may occur in experimental 
animals, one may dctenmne wflether the lesions are consistent with 
measles but an absolute diagnosis can not be established solely from 
the histological picture 
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ARTIFICIAI. TRANSMISSION 

Jnoculalwn of man The early expenments on the artificial infection 
of man with measles were unfortunately conducted without adequate 
precautions for avoiding the possibility of acadental infection 
Hektoen (4) has compiled a thorough review of this early work 

In tlie expenmcntal study of measles, it becomes of the utmost 
value to the investigator to know whether the virus is present in the 
blood stream From the pathology of the disease, it is self-evident 
that the causative organism is not mvasive to the extent of setting 
up lesions of the viscera The decidedly mechanical nature of the 
progress of the eximtliem over the body at once raises doubt about 
the presence of the virus in the arculating blood 

In 1905, Hektoen (5) conducted the first modem work under care- 
fully controlled conditions upon the experimental inoculation of 
measles in man Two volunteers, injected with blood of measles 
patients, developed symptoms of measles after an incubation period 
of ten to twelve days The details of this expcnment are very im- 
portant The first subject was moculated with a speamen of blood 
taken from a patient about sue hours after the first appearance of 
the rash In order to detect any secondary invaders, the blood 
(3 cc ) was meubated m ascitic broth (50 cc ) After twenty-four 
hours there was no gross or microscopic evidence of any micro- 
organisms and the first volunteer was mjcctcd subaitancously with 
4 cc of this blood, diluted in broth The quantity of pabent’s serum 
injected was approximately 0 1 cc No local symptoms appeared at 
the site of injection Twelve days later, the temperature commenced 
to rise, rcachmg 104°F on the fourteenth day During the mornmg 
of the fourteenth day, a red papular eruption appeared on the forehead 
and spread over the greater part of the body m about five hours 
During convalescence a branny desquamation appeared There were 
no catarrhal symptoms and no definite evidence of malaise 
The blood for the inoculation of the second subject was taken from 
a patient thirty hours after tlie appearance of die eruption After 
incubation in ascitic broth for twenty-four hours, several cubic 
centimeters were injected subcutaneously as in tlie preceding case 
without produang any local reaction The temperature began to 
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rise ten days later, reaching 103°F on the twelfth day On the 
following day, a rash appeared on the face spreading to the chest, 
hack and abdomen No mention is made of any subsequent des- 
quamation Mild respiratory symptoms, a little conjunctivitis, and 
slight malaise were present in this patient 

The incubation period observed in these two cases of experimental 
measles corresponds to that of the spontaneous disease The exanthem 
IS described as typical of measles Moreover, the rash appeared first 
on the face as in spontaneous cases, a point which is of interest in 
view of the altered portal of entry of the virus 

There are seveial respects in which the symptoms differed from 
the ordinary course of the disease The description in the first case 
of the rapid progress of the rash over the body within a few hours is 
quite unlike the usual slow progression as seen under natural con- 
ditions Apparently no desquamation occurred in the second case 
The absence of conjunctivitis and of respiratory signs does not, as 
suggested by Ustvedt (6) militate agamst the diagnosis of an inoc- 
ulated form of measles Neither case showed a pre-eruptive rise in 
temperature, a feature, however, which is not constant in spontaneous 
infections It is unfortunate that no information is supplied in these 
cases concerning the leucocyte count, the occurrence of Koplik spots 
and the behavior of the lymphatic glands 

Hiraishi and Okamoto (7) in attemptmg active immunization 
against measles, inoculated 44 children with blood from early cases 
They conclude that the mmimum infective dose lies between 0 001 
and 0 002 cc and that 0 0001 cc of blood is harmless The work 
was carried out during an epidemic It is by no means dear tliat 
adequate precautions were taken to protect these children from 
accidental infection No description is given of the experimental 
disease 

During the winter of 1918 to 1919, the writer (8) inoculated a 
series of volunteers with blood from early cases of measles in an 
effort to confirm Hektoen’s results In working wnth such a com- 
mon infectious disease, considerable difficulty was experienced m 
obtammg susceptible adults Eight volunteers were eventually 
accepted who, as far as could be determmed from correspondence 
vitli their families, had never been exposed to measles These men 
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were injected in \arious •waysT?ith blood but no symptoms developed 
m any instance 

The description of these injections may be summarized as follows 
For the first inoculation, blood was taken from a patient twelve 
hours after the eruption appeared The serum was separated by 
centrifugalization and diluted with nine parts of isotomc salt solution 
One individual was given 5 cc of the diluted serum subcutaneously 

For the next senes of inoculations, a specimen of blood w'as taken 
from a case of measles twelve hours after the rash appeared A 
portion of this specimen (4 cc ) was meubated in asatic broth (50 cc ) 
accordmg to Hektoen’s technique and another part was defibrmated 
The latter was injected at once subcutaneously in 2 cc quantities 
mto each of 2 men The portion m ascitic broth was meubated for 
one day and 10 cc quantities were injected subcutaneously mto 2 
individuals 

Since no sjTnptoms followed the preceding moculations, some more 
mtensive injections were earned out Blood was taken in citrate 
from 2 cases of measles in the prc-eruptive stage, six hours before the 
rash appeared in 1 patient and tliirty hours before its appearance in 
the other These citratcd specimens were mixed and the equivalent 
of 3 cc of blood was mjected into each of 2 individuals, part of the 
injection bemg given subcutaneously and part mtramuscularly 
Twenty-four hours later each of the 2 volunteers received a second 
injection from these 2 patients in the same maimer One of tlie 
measles cases was now in the eruptive stage and in the other the rash 
appeared six hours later One of these two volunteers gave an 
unusually clear history of susceptibility to measles He was the 
sixth of 8 children and had always lived on an isolated farm m West 
I'lrgmia Accordmg to the statement of the mother and eldest 
sister, measles had never occurred m the household But several 
members of the family had left home and eventually had contracted 
measles Of the older brothers and sisters, 4 out of 5 devdooed the 
disease away from home Of the two younger children, one, a 
brother, enlisted m the army and developed measles at Camp Shelby, 
hliss 

Neither of tliesc 2 individuals receivang intensive mjcclions from 
patients in the pre-erupUve and erupUve stages developed any 
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symptoms After an interval of three weeks, they were exposed to 
an early case of measles and also inoculated on the mucous membrane 
with secretions from this case in the pre-eruptive stage, four days before 
the rash developed The volunteers remained free from symptoms 
This result, therefore, suggests that they were immime to measles at 
the time this final test was made It is not possible to determine 
definitely whether their immunity may have been due to some previous 
unremembered or undiagnosed attack of the disease, or whether it 
resulted from the injections of measles blood which they received 
Certamly the evidence of their susceptibility at the beginning of these 
injections is more concrete than the generalization that few adults 
have escaped an attack of the disease in childhood 

Finally, an injection was made in 1 volunteer with whole blood 
taken from a patient six to twelve hours after the rash appeared. 
Immediately after withdrawal, without the use of citrate, 0 5 cc was 
given subcutaneously and 1 5 cc mtravenously He remained free 
from symptoms 

These 8 successive failures mdicate that measles cannot be trans- 
mitted by -the injection of patient’s blood as readdy as would be 
expected from the results of the 2 cases reported by Hektoen More- 
over, a thorough analysis fails to suggest any simple or definite 
explanation of these divergent results Except m 2 cases, the tech- 
nique which I followed differed from that of Hektoen, the blood 
from tlie measles patient bemg mjected directly without preliminary 
incubation. At the time these experiments were conducted, it was 
thought that the direct mjection of a moderate amount of blood 
would be more likely to mfect than the use of a minimal quantity 
after twenty-four hours incubation Hektoen used approximately 
0 1 cc of patient’s serum However, it is theoretically possible that 
multiphcation of the virus of measles may have occurred durmg the 
incubation If such development did take place, then the prehm- 
inary incubation would surely enhance the possibihty of reproducing 
the disease 

One must consider the possibility of producing a fever and rash by 
toxic constituents contamed in the media which was injected The 
writer has carried out injections of ascitic broth incubated with 
normal blood in a series of 20 mdividuals Only minor reactions 



ETIOLOGY OF MEASIXS 


107 


developed and they could not in any way be confused with the symp- 
toms of measles 

The evidence presented by Hektoen indicates that the fever and 
the accompanying rash, developing after a penod of two weeks 
constituted true infections with the virus of the disease Careful 
precautions were taken to guard agamst accidental infection during 
the period of csiperimentation Although the resulting symptoms 
did not conform fully with the naturally acquired disease, it is not to 
be expected that the injection of a virus under highly artifiaal con- 
ditions would reproduce, in detail, the usual symptoms of the natural 
infection The absence of a pre-emptive nse in temperature, the 
rapid spread of the rash over the body, the lack in 1 case of inflam- 
mation of the mucous membranes, and the very moderate degree of 
malaise might readily be accounted for by the artificial mode of 
inoculation 

It IS perhaps natural to feel that the blood of a measles patient 
taken early in the disease would either consistently fail to infect or 
else regularly reproduce the disease upon injection m a susceptible 
individual Such an assumption, however, is not justifiable as a 
general conclusion Indeed, the blood of an active case of pneumonia 
or of typhoid fever, durmg the stage of bacterienua, might give very 
inconstant results upon injection into susceptible individuals The 
failure in my own work to produce measles m volunteers by tlie 
injection of the blood of patients cannot, m my opinion, be explained 
merely on the supposition that the apparently susceptible volunteers 
were in reality immune on account of some previous attack of this 
disease It is entirely possible that the blood of measles patients, 
even though the xorus be present, would not consistently infect 
susceptible men Hektoen’s successful results arc very important in 
demonstrating that the virus is present in the blood and that infec- 
tions can be produced in man by the subcutaneous route even 
though the normal portal of entry is by way of the mucous membranes 
It would be extremely important to know whether the likelihood of 
successful infection is increased by the preliminarj' mcubation of the 
patient’s blood in ascitic broth as practised by Hektoen Unfortu- 
nately, the results of my experiments throw no light on this question 
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Inocttlakon of monkeys Experiments upon the transmission of 
measles to lower annuals have been carried out extensively with 
monkeys, principally those of the genus macacus, the mjections having 
been made with blood and mucous secretions of measles patients 
FoUowmg Hektoen’s work with volunteers, Anderson and Gold- 
berger (9) reported the successful inoculation of monkeys m a manner 
analogous to the production of t 3 ^hus fever in lower animals Sub- 
, inoculation through a series of monkeys produced mild symptoms 
which these authors mterpreted as a reaction to the virus of measles 
Confirmation of this work has been reported by several observers 
though the results of the individual investigators vary rather markedly 
One would hardly expect that the typical climcal features of measles 
could be reproduced in monkeys with sufficient clearness to permit 
a diagnosis from the symptoms alone It would be sufficient to 
produce a perfectly definite reaction which, by the exclusion of other 
factors, may be proved to be caused by the virus 

There are in all six signs or symptoms which have been reported 
in monkeys, namely, (1) fever, (2) rash, (3) Koplik spots and other 
forms of enanthem, (4) leucopema, (5) conjunctivitis and rhinitis, 
and (6) evidence of malaise 

Anderson and Goldberger employed three species of monkeys, 
namely, M rhesvs, M cynoniolgns, and M stnicus, using in all, more 
than 100 ammals Apparently these three species were equally 
satisfactor}’, though the sjTnptoms were very mild and many indi- 
vidual animals failed to react The authors summarize the results 
of the inoculation of blood of early cases as follows 3.t 

least 50 per cent of the ammals react in a characteristic manner 
After a variable mcubation period of not less than five days there 
is a more or less marked rise in temperature vnth or without catarrhal 
symptoms referable to the respiratory passages, such as sneezmg and 
cough, and vith or without an exanthem ” 

In the subinoculation of the virus in monkeys, the maximum 
incubation period was twenty-one daj’^s Such irregularity com- 
plicates the interpretation of the data and mcreases considerably the 
difficulties of practical work Unfortunately many details of the 
work are not available at present In tlie majority of instances, the 
temperatures ot the inoculated animal are not stated, smce the com- 



ETIOLOGY or MEASLES 


109 


plete report of the work has not yet appeared The character of the 
exanthem was extremely variable Sometimes only an erythematous 
blush was noted Frequently the rash vas copper-colored from the 
beginning Occasionally discrete pink macules and papules were 
observed which disappeared on pressure and were followed by a 
branny desquamation These rashes occurred at \ery irregular 
intervals after inoculation, they developed most commonly on the 
face and chest but appeared sometimes on the thighs and abdomen 
Rhmitis, coryza, and malaise were sometimes noted but these were 
not striking symptoms No observations are recorded concemmg 
leucocyte counts or examinations for K-oplik spots 

Several strains were subinoculated from monkey to monkey One 
m particular was passed rapidly through a series of 6 monkeys m 
forty-four days, but no evidence was noted of any alteration in its 
virulence Experiments were also conducted to determme the mfec- 
tivity of the blood for monkeys after infiltration, and after exposure 
to unfavorable conditions Four specimens of blood were passed 
through a Berkefeld filter Negative results were obtamed with the 
first three, with the fourth specimen, 1 of 2 animals developed an 
exanthem twenty-one days after moculation Submoculation of blood 
from tins animal produced a slight febrile reaction in 1 of 2 monkeys 
The authors conclude that the virus of measles is capable of passing 
through a Berkefeld filter 

Additional experiments were made concemmg the effect of drying, 
heating, freezmg, and of age upon the virus They draw the following 
conclusions “The xirus in measles blood may resist desiccation for 
twenty-five and one-half hours, lose its infectivity after fifteen minutes 
at 55°C , resist freezmg for twenty-five hours, and possibly retain 
some infectivity after twenty-four hours at 15°C ” 

Anderson and Goldberger also moculatcd monkeys with mucous 
secretions of measles patients Two monkeys moculated on Uie 
mucous membrane wulli material taken twenty-five hours after the 
rash appeared, developed no symptoms Subsequent work was 
carried out by subcutaneous injection of secretions The contam- 
inating bacteria produced a prompt rise in temperature and a local 
abscess Tlie latter was usually incised and some drop in temperature 
usually occurred In some animals tlie temperature subsequently 
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rose again with or without the development of a rash There were 
5 expenments in which secretions were taken not later than twenty- 
six hours after the first appearance of the exanthem In 4 mstances 
the results were negative or doubtful Secretions were obtamed 
from 1 patient at the beginmng of the rash and again twenty-four 
hours later Successful moculation of monkeys was reported with 
both specimens 

Hektoen and Eggers (10) supplied data more especially concerning 
the leucocyte counts in monkeys inoculated with measles blood. 
They report a more or less defimte initial leucocytosis followed by a 
leucopenia of variable degree involving principally the neutrophils 
and resulting in a relative increase m the lymphocytes In control 
animals injected with normal blood they noted either no change or 
else a slight transitory leucopenia Two monkeys received measles 
blood obtamed during the first twenty-four hours of the rash One 
of these, on the twelfth and thirteenth days after inoculation showed 
signs of malaise, but there was no rash and no respiratory compli- 
cations The other developed evidence of malaise on the twelfth 
day, a famt masculo-papular rash appeared about the eyes and 
forehead on the fifteenth day, and a similar rash developed in both 
groms on the followmg day These rashes disappeared after one to 
two days without any distmct desquamation No Kophk spots were 
present Submoculation of monkeys was performed with blood taken 
late m the mcubation period and no definite symptoms resulted 
The authors conclude that their results, when combmed with 
those of Anderson and Goldberger, indicate that the M rhesus is 
susceptible to a rmld kmd of measles 
Lucas and Prizer (11) desribed the occurrence of Kophk spots in 
monkeys Two animals {M rhesus) were mjected with blood from 
a pre-emptive case of measles They report a leucopema and the 
development of Kophk spots ten days after injection On submoc- 
ulation into 2 other monkeys, spots, which were interpreted as Kophk 
spots, appeared in one, after ten days The duration of these spots 
is not stated The 2 ammals mjected with measles blood from man 
showed ,a transient erytliema but no rash No febrile reactions 
developed. The interpretation of these results is difficult because of 
an intercurrent infection of unknown etiology •which killed several 
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control monkeys and also some of the moculated ones about two 
weeks after their injection mth measles blood 
NicoUe and Conseil (12) in 1911, reported confirmation of the work 
of Anderson and Goldberger One monkey {M siniciis) was mjected 
with blood taken from a case of measles twenty-four hours before the 
rash appeared The animal developed no symptoms e’ccept very 
slight malaise and a rather transient rise in temperature, most notice- 
able on the eleventh and twelfth days of the mcubation period Blood 
taken on the eleventh day was injected into a very young monkey 
(it/ simcus) but the animal remained entirely normal The authors 
conclude that they have confirmed the work of Anderson and 
Goldberger 

In 1920, NicoUe and Conseil reported verj' briefly the results of 
some experiments conducted m 1913, concemmg the transfer 
of measles from a child to monkeys (it/ stmctis), re-moculated 
successfully mto a child, and agam in monkeys No symptoms 
other than a febrile reaction were observed in the monkeys, the 
temperatures are given for only a short portion of the mcubation 
period It IS, therefore, inadvisable to draw any conclusions without 
knowmg the normal temperature for these animals As regards the 
child injected ’(vith blood from a monkey, there is no description of 
the symptoms, such as the respiratory involvement, Kophk spots, 
leucopema, or glandular enlargement There is no description of the 
rash, nor any reference to subsequent desquamation It is certainly 
verj important to know whether the course of the disease resembled 
the spontaneous mfections, or whether some of the modifications 
occurred which were noted by Hektoen This mformation is partic- 
ularly desirable since there is no description of the precautions which 
were taken to avoid contact infection with measles 
Timnidiff (13) inoculated one animal (3/ rlicstis) wutli blood from 
a measles patient taken at the end oi the first twenty-four hours of 
tlie rash There was no definite febrile reaction The temperature 
at the time of inoculation was 104'’F It rose from 102 6°r on the 
seventh day to 103 5T on the eighth day and then fell slightly 
Tunmdiff considered that this nsc may have been caused by the 
aims of measles A protracted leucopema de\ eloped, the count 
remainmg relativelj low, for fifteen days, a penod whidi is much 
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longer than other observers have recorded m monkeys inoculated 
with measles, it is also much m excess of the duration of the leuco- 
penia occurring in human cases There was neither rash nor Kophk 
spots, nor other indication of measles 

Jurgelunas (14) endeavored to produce measles in monkeys by 
inoculation of blood, of mucous secretions, and by exposure of animals 
in a measles ward He concludes that his results were negative 

One monkey (Paviati) was mjected with defibrmated blood from a 
patient showmg Kophk spots at that tune, the rash appeared on the 
following day Ten days after mjection, the animal developed 
small rose colored spots over the abdomen There was no rise m 
temperature Death occurred on the following day The autopsy 
failed to reveal the cause of death The liver and spleen were enlarged 
Cultures from the blood and various organs showed no growth 
Jurgelunas considers that the rash did not conform to the exanthem 
of measles and that measles was not the cause of death in this ammal 
He injected one other monkey (M cynomolgns) with the blood from 
an active case of measles, the specimen being taken durmg the first 
day of the rash No symptoms developed A third monkey mjected 
with blood showed no symptoms, but it should be noted that the 
specimen was not taken till the second day of the rash 

Two monkeys were exposed to natural infection m a measles ward, 
being five days among acute cases and two days with convalescent 
patients Neither developed any sjmptoms of measles, one, however, 
died of an acute streptococcus peritonitis two weeks after the last 
exposure in the ward 

Several experiments were conducted with mucous secretions, all of 
which were negative One animal {M cynotnoJgus) was mjected 
subcutaneously with specimens taken on the day precedmg the 
appearance of the rash In another {M cynomolgm), the mucous 
membranes of the mouth were rubbed with secretions from a patient 
showing Kophk spots but no exanthem Another monkey (M 
rhesus) was moculated in the same way with specimens taken dunng 
the first day of the eruption Lastly, the secretions from another 
case taken durmg the first day of the rash were rubbed into the 
scarified mucous membrane of the mouth of a M rhesus 
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Jurgelunas made no comments concernmg leucocyte counts and 
Koplik spots, relying apparently on the temperature and an exanthem 
for indications of an infection 

Blake and Trask (15) have reported the successful mfection of 
monkeys (M rhesus) Ten monkeys were inoculated with the 
mucous secretions of early cases and 8 arc regarded as having devel- 
oped symptoms of measles The authors confirm the occurrence of a 
rash, the febrile reaction and the malaise noted by Anderson and 
Goldbcrgcr, the leucopenia first noted by Hektoen and Eggers and 
occasionally found Koplik spots as reported by Lucas and Prizer 
Many of their animals developed more or less conjunctivitis but none 
showed any rhmitis nor bronchitis The filterabihty of the virus of 
measles was also confirmed In 2 instances, mucous secretions of 
patients were passed through a Berkefeld N filter The filtrate 
upon mjection into monkeys, produced an exanthem and an enanthem 
but no fever developed 

The evidence of leucopenia as recorded in the cliarts is not partic- 
ularly constant nor strikmg However, the authors state that tliey 
do not regard the temperature and leucocyte counts as evidence of 
successful inoculation, but merely as additional data 
The characteristic cnantliem m the monkey as noted by Blake and 
Trask consisted usually of a bright crj'thematous discrete or granular 
rash occurring most commonly on the labial mucous membrane and 
the gums In one instance whitish lesions occurred resemblmg the 
Koplik spots of human cases Histologically the cellular reaction of 
the enanthem and exanthem occurrmg in monkeys conformed to the 
description of the human lesions as given by Mallory and Medlar 
Apparently no examinations were made for the Gram-positive coccoid 
bodies found by Mallory and Medlar m measles These histological 
studies Mould be considerably strengthened m case the picture of 
these lesions proved to differ sharply from that of the spontaneous 
inaculopapular rashes ivhich often occur m monkeys 
Ihe authors stress emphatically the very close resemblance of 
experimental measles in monkeys as compared with the human 
disease The two differ significantly, In tlieir opimon, only m the 
inconsUint febrile reaction and the absence of rhinitis and bronchitis 
To this I would add the usual absence of tjpical Koplik spots m 
monkeys and the inconstancj of a definite leucopenia 
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The usual immunity tests were carried out, employing 6 monkeys 
which had shown a reaction to the virus of measles and 2 control 
monkeys The 2 controls developed symptoms but the 6 which had 
previously reacted remained negative The data concerning the 
temperature and leucocyte counts are not given 

Subinoculations from monkey to monkey were carried out, usmg 
either blood or the ground skin and mucous membrane of moculated 
monkeys The authors consider that the early transfers gave suc- 
cessful mfections but that after repeated passage (8 to 12 transfers) 
a strain eventually dies out In the moculations made directly from 
patients and also in the subpassages, no febrile reactions developed 
except in those animals injected with contaminated material In the 
cour"se of the submoculations, whitish areas resembhng Kophk spots 
were noted m the enanthems which developed m 2 of 12 or more 
animals 

Four monkeys were injected intravenously with blood and aU of 
these developed conjunctivitis This result m a rather refractory 
species stand out m more or less contrast to the observation of 
Hektoen It will be recalled that 1 of 2 volunteers, injected sub- 
cutaneously, escaped any signs of mvolvement of the mucous mem- 
branes and m the other only a mild conjunctivitis and some cough 
developed 

In the beginnmg of their work Blake and Trask applied the pro- 
cedure of mtratracheal injection for the moculation of the virus m 
monkeys but they appear to have obtamed satisfactory results 
with equal ease by rubbing mfective material on the mucous mem- 
branes or by the mjection of blood Their experiments, howe\er, 
were not designed to test the relative value of the various methods 
of inoculation 

Kawamura (16) took blood from a measles patient sixty hours 
before the appearance of the eruption and injected rather less than 
1 cc of blood into each of 3 monkeys {M fuscatus) After an incu- 
bation penod of eight or nme days, a fever, leucopenia, rash, conjunc- 
tmtis and rhmitis developed Koplik spots were noted in 1 animal 
Two successful subpassages were obtamed by the injection of blood. 
Histologically, the rash in monkeys appears to have resembled both 
the cellular reaction seen in measles and also that of Japanese flood 
river fever. 
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In the course of their work on the inoculation of rabbits with 
measles, Kevin and Bittman (17) had occasion to inject 2 monkeys 
One of these monkeys was injected intratracheally with mucous 
washings from an early case of measles, the other received blood of 
2 patients taken early in the eruptive stage The animals developed 
more or less leucopenia, an exanthem and an enanthem but no 
fever In some later work these authors inoculated a third monkey 
with patient’s blood under sumlar conditions and obtained a similar 
result 

In 1918 and 1919, Wentworth and tlie wnter (18) earned out some 
experiments upon the inoculation of monkeys with measles In a 
preliminary expenment 3 animals {il rhesus) were used for blood 
injections The first (A) was given 10 cc of blood from a patient 
eighteen hours after the rash appeared In transmittmg typhus 
fever to monkeys, Ricketts and Wilder (19) recommend dilubon of 
the blood Accordingly this quantity of 10 cc was diluted with 40 
cc of isotonic salt solution, defibnnated, and injected intrapen- 
toneally The animal remained well and there was no evidence of 
any rash or Koplik spots The temperature and leucocyte count 
did not fluctuate beyond the normal limits 
A second animal (B) was injected with blood from a patient within 
SIX to tw elve hours after the onset of tlie rash, 10 cc were diluted with 
an equal volume of isotonic salt solution, defibnnated, and injected 
intrapentoneally This animal was kept under observation for ten 
days before injection Dunng the early part of this penod, a marked 
erythema ivith a few macules was present over the face and eyebrows 
This rash practically disappeared dunng the first week of the incu- 
bation penod, and then increased very slightly ten days after inoc- 
ulation Two months after the last injection it was more marked 
than at the beginning of Uie experiments Otherwise, tlie findings 
in this animal were negative 

Very frequently, an animal which fails to respond to an injection 
wuth blood from a case of typhus fever may subsequently react 
tjpically to a similar injection Accordingly these 2 animals (A and 
B) and a third young adult monkcj (C) were given rather intensive 
injections of blood from measles patients They were injected on 
tlirce successive days watli blood taken from 3 cases of measles 
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in the early stage of the exanthem On the first day, blood was 
obtained from a p'atient four to five hours after the rash appeared, 
on the second and on the third day, from patients in each of whom 
the rash had started about twelve hours previously The blood for 
these injections was either defibrmated or collected m sodium citrate 

There was no ewdence of any reaction in these 3 monkeys On 
the eleventh day after the first of the three injections, 3 5 cc of blood 
was withdrawn from monkey C and injected subcutaneously m a 
susceptible volunteer There was no change in his temperature or 
leucocyte count and no symptoms developed 

The leucocyte counts and the temperatures of these monkeys are 
given m charts I, II, and III As an additional control, the room- 
temperature is also included since the body temperature of monkeys 
is sometimes influenced by this factor These charts represent very 
clearly the disappointing type of reaction that may commonly be 
expected in monkeys even when inoculated under favorable con- 
ditions 

In a continuation of this work (20) some rather interesting results 
were obtained from an expenment in which portions of the same 
specimen of measles blood were injected simultaneously in 2 vol- 
unteers and in 2 normal monkeys {M rhesus) As already described 
neither of the 2 men developed an}'' symptoms, 1 of the 2 ammals 
showed a suggestive reaction In the interpretation of this result it 
must be recalled that 1 of these 2 volunteers gave exceptionally dear 
evidence of never having been exposed to measles Blood was 
obtained from 2 patients for these injections, specimens being talren 
on 2 successive days For the sake of convemence, the description 
of these cases w'lll be repeated here On the day of the first injection 
both patients were in the pre-emptive stage Pooled specimens of 
blood taken in citrate solution w'ere inj’ected at once Each of the 
volunteers received the equivalent of 3 cc of blood, the first portion 
bemg injected subcutaneously and the remamder intramuscularly 
Each of the two monkeys received the equivalent of 2 cc of blood, 
part of whidi was injected subcutaneously and the remainder 
intraperitoneally One of the 2 measles patients developed a rash 
SLX hours after wathdraw'ing tlie first specimen of blood On the next 
day the patients were seen again, one was still in the pre-eruptive 
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Stage but the rash appeared about six hours later Blood was 
taken from both patients, the specimens were pooled and all of the 
injections were repeated as on the preceding day, employing the 
same quantities The 2 monkeys vaned somewhat in their reaction 
One (D) showed a low leucocyte count on the mnth and agam on the 
eleventh and twelfth days after injection There w’as no febnie 
reaction, no respiratory nor constitutional symptoms, and no exan- 
them nor Koplik spots The other animal (E) developed a leucopenia 
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beginnmg on the sixth day after his first injection, and peiastmg 
lor tlirce consecutive days On the twelfth day,a famt rsii developed 
over the hce. neck, and uppermost part of the chest This was 
principally a diffuse erythematous blush but there cpjjtarai around 
the eyes and nose discrete red macules 1 to 2 mm. m efreeter from 
which the color could be readily expressed On the snax day the 

rash faded almost completely leaving behind onlr 

areas These disappeared on tlie follmnng dar ar--' ~ 

followed by desquamation On the first dc. r} - 

- 2 moderate 
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degree of malaise was noted These symptoms were not accom- 
panied by any febnle disturbance There was no rhinitis and no 
Koplik spots were found at any time On the fifteenth day after 
injection a well marked pneumonia developed 

On the seventh day of the incubation penod, when the leucopema 
appeared, 3 cc of blood were withdrawn and injected subcutaneously 
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and intramuscularly into a volunteer No local nor general symptoms 
developed 

The record of the temperatures and white counts for the two 
monkeys are given in Table 1 

The rash and leucopema developmg in this second monkey, unac- 
compamed by rhimtis, fever or Koplik spots are difficult of interpre- 
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tataon The absence of any symptoms following the correspondmg 
injection of measles blood in man constitutes strong evidence against 
ascribing the reaction in the monkey to the virus of measles This 
is especially true in view of the direct concrete evidence of suscep- 
tibility in one of tliese volunteers On the otlier hand, the reader 
may on purely general grounds feel skeptical about the susceptibility 
to measles of any adult It must also be remembered that each of 
the monkejs received some measles blood intrapentoneally In 
view of the ultimate results, the expenment is faulty in this respect, 
for it IS theoretically possible that a refractory animal might be 
ovenv helmed by an intrapentoneal injection although a susceptible 
host escaped infection after subcutaneous and intramuscular injection 
It is notewortliy that the first of tliese 2 monkeys remained free 
from any charactensitc reaction notwithstanding the intensive 
injection of extremely favorable matenal This result might be 
taken as an illustration of Anderson and Goldberger’s view that 
many individual amraals are altogether refractory 
My own cvjienence ivith the inoculation of monkeys with mucous 
secretions has given only negative results I have endeav'ored to 
infect 2 monkeys (If synclus) by inoculation wath secretions taken 
four days and one day before the patient’s rash developed Suabs 
moistened watli the conjunctival secretions of the patient were rubbed 
ov’er the conjunctivae and nasal and pharyngeal mucous niembr me of 
the monkeys Similarly swabs from the nasal and pharyngeal 
mucous membrane of the patient were thoroughly rubbed ov'er the 
correspondmg mucous membranes of the ammals Neither monkey 
developed any fever or leucopema Tlicre was no rash nor Koplik 
spots, no inflammation of tlie mucous membranes, and no malaise 
Two additional monkeys (2/ rhesus) were inoculated wath secretions 
from a measles case taken two hours after the first appearance of 
the rash The inoculations were made in tlie same manner as for 
the synctus monkeys In addition, scanfied areas of the mucous 
membrane of die monkey’s mouths were rubbed with sivabs from tie 
conjunctival and nasal mucous membrane of the patient. 

Tor the sake of convenience, table 2 has been prepa'-td sro-in" 
the general results obtained by various investigators upon injecting 
monkeys witli the blood of measles patients This ojtime imvers 
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only those experiments which were designed to determine whether 
the monkey is susceptible to measles It does not include the records 
of those injections in which the patient’s blood was subjected to 
various procedures such as filtration or aging, for the purpose of 
studying the properties of the virus Reports based upon the injec- 
tion of a single animal are also omitted 
The results concerning the inoculation of the mucous secretions 
as obtained by vanous investigators are given in the table 3. The 
negative experiments conducted with late cases are not included. 
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Localized lesions In the attempts to reproduce measles in animals, 
practically all of the attention has been directed toward obtaining a 
systemic infection In this connection, a consideration of smallpox 
is instructive The virus of smallpox certainly gains access to the 
circulating blood at some periods of the infection. Yet the expen- 
mental transfer of the disease by the injection of blood has not been 
conclusively demonstrated However, subinoculation from skin 
lesions in man to the skin of lower animals, readily produces a local 
lesion but a generalized infection tj'pical of the spontaneous disease 
has not been obtained In the course of some unpublished work, 
Bigelow and the wnter carried out an analogous procedure in measles 
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Early skin lesions and Koplik spots were excised from patients and 
implanted in the skin and mucous membrane of monkeys Several 
of the results were entirely negative but some vere very suggestive 
In one instance in particular, an implant of skin lesion into the skin 
was followed after two weeks by the development of bnght pink 
papules in an area approximately S cm in diameter surrounding the 
implanted tissue These papules faded gradually in the course of 
three days and were followed by pigmentation and desquamation 
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Normal human skin implanted in control monkeys was gradually 
absorbed without produang any eruption 
In seeking for a method of active immunization against measles, 
Blake and Trask (21) report tlic development of a localized lesion 
in monkeys by tlie intramuscular injection of an attenuated virus 
It is well to recall that Hektoen, injecting the nrus of measles subcu- 
taneously in man, observed no trace of any local reaction 
Disaisston of the reaction in monfeys There is certainly, at present, 
no exact proof of the susceptibility of monkeys to measles The 
work of Nicollc and Conseil suggests tint the virus of measles is 
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consented in monkeys and may produce a mild febnle reaction It 
iwU be recalled tliat these observ'-ers noted the development of measles 
in a child which they inoculated with blood from a monkey showing 
a mdd reaction some days after being injected with virus This 
obseiA'^ation cannot be accepted as final without knoiving the precau- 
tions which were taken agaist accidental infection 
In contrast to expenmental typhus fever, and spotted fever, no 
cntena have as yet been established by which experimental measles 
can be recognized definitely and unmistakably Spotted fever in the 
guinea pig runs a fatal course with a charactenstic pathology A 
guinea pig moculated with typhus fever develops only a moderate 
febnle reaction and no symptoms appear which would suggest the 
human disease However, microscopic lesions occur vuth great 
regulanty in the brain, the histologic picture of these corresponds to 
those found in human cases and furnishes an accurate method of 
recognizing the expenmental disease The rashes sometimes occur- 
nng in monkeys inoculated vuth measles agree fairly well in the 
histologic picture with the skin lesions of human cases This his- 
tologic picture, however, is not pathognomonic of the disease 

Several species of the genus macacns have been utilized more or 
less extensively, namely, rhesus, cynomolgus, stjiwus, and fuscatus 
Thorough comparative studies are not available but there is no 
indication that tlie charactenstics of the reaction to the virus is 
dependent on the type of monkey employed 

The mass of e\ddence though conflicting in many respects, suggests 
on the whole that occasional individual monkeys (genus macacus) 
may show mild reactions of variable character when injected with the 
virus of measles Are these signs and s 3 miptoms sufficiently frequent 
and definite to constitute a reliable method for the experimental 
study of measles? If, for example, only 1 animal in 4 or 5 gives a 
defimte dependable reaction, then the method soon becomes unwieldy 
and impractical for any extensive studies 
Observations in monkeys may be controlled in a measure b}’’ the 
“immunity test ” But this test loses much of its significance since, 
even after intensive inoculation wdth ideal matenal, a considerable 
proportion of ammals remain essentiaU}’- free from symptoms 
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The acceptability of these delicate reactions occumng m monkeys 
as a reliable method for the study of measles resolves itself ultimately 
into a question of the standards which the individual investigator 
considers essential To me, they arc not satisfactory Personalty, 
I am not willing to accept as established the various characteristics of 
the virus of measles as worked out in this way Thus tlie important 
conclusion that the virus is filterable rests primanly upon more or less 
vague results obtained in three monkeys I prefer to consider the 
filtcrability of the virus as an entirely open question 
Inoculatwn of rahbtts and gutnea-ptgs In the past tivo years, a 
feu attempts have been made to simplify the study of measles by the 
substitution of rabbits or guinea-pigs for monkeys in espenmental 
u ork Nenn and Bittman took blood from 6 cases of measles, two to 
four days “after the onset of the disease ” Six rabbits u ere inoc- 
ulated intravenously and all gave evidence of a reaction There 
uas no charactenstic fever nor leucopenia The animals were shaved 
before inoculation The redness caused by shaving became more 
intense in tliose receiving blood and subsequently desquamation 
occurred In the control series, tlie redness after shaving faded 
uithout desquamation Subinoculations of blood were made from 
rabbit to rabbit and 9 of 11 animals reacted One stram, after 
live passages in rabbits, uas inoculated into a monkey, M rhesus A 
somewhat suggestive leucopema developed on tlie third day, the 
following day two spots somewhat resembling Koplik spots appeared 
on the hbial mucous membrane, then a maculo-papular rash appeared 
on the face and later a red granular rash on the mucosa of the lips 
The exanthem was followed by a marked desquamation Subse- 
quently, this animal showed no reaction to an intratracheal injection 
of 10 cc of mucous washings from a patient with measles The 
autliors consider tliat this monkey developed typical measles as a 
result of the injection of blood from the inoculated rabbits and was, 
therefore, immune to the injection of secretions from a patient w'lth 
measles To me it seems equally possible that the rash developing 
in the monkey after an inoculation of rabbit’s blood was not neces- 
sanly produced bj the \arus of measles, also tlie fadure to react to a 
test injection of mucous secretions may ha\ e been notliing more than 
the corresponding fmlures winch hare been noted from time to time 
in normal monkeys 



126 


ANDEEW WATSON SELLAJIDS 


In some later work, Nevin and Bittman passed a strain of measles 
\nrus through three rabbits and then through a series of threemonkeys 
in order to eliminate as far as possible any question of rashes due 
to a foreign protein Leucopenia, Kophk spots, an enanthem and an 
exanthem were noted in aU of the monkeys after injection TOth blood 
from inoculated rabbits Some of the rabbits, in addition to an 
erythema, developed a generahzed maculo-papular rash followed by 
pigmentation and extensive desquamation Koplik spots and 
enanthems were also noted The authors conclude that the virus of 
measles “survives passage in rabbits ” 

Simultaneous with the studies of Nevin and Bittman on the blood 
of measles cases, Grund (22) working in the same laboratory col- 
lected mucous secretions from these same patients and mjected 
rabbits intratracheaUy Of 23 animals a rather large number proved 
refractoiy No defimte febnle reaction or leucopema occurred. In 1 
or 2, a maculopapular eruption developed and in 10 or 11 an erythema 
occurred Sub-passages in rabbits gave somewhat more encouraging 
results Immunity tests on convalescent ammals proved rather 
“contradictory.” Grund concludes that no one individual animal 
gives a tj'pical picture of measles but that the senes, taken as a 
■whole, encourages the belief that rabbits are susceptible to the "Virus 
of measles 

Duval and D’Aunoy (23) conclude that rabbits are susceptible to 
measles developing a specific reaction which they regard as analogous 
in all essential features to the human disease They consider “only 
temperatures of 102°F or over as pyrexia” and regard ■white coimts 
under 9000 cells as e\ddence of leucopenia After the intravenous 
injection of patient’s blood in rabbits, they noted the development of 
coryza, conjunctival injection, and enanthem similar to Kophk 
spots and in 40 per cent of the animals an exanthem appeared A 
number of rabbits developed an acute hemorrhagic nephritis 

After several subpassages in rabbits, a very remarkable phenomenon 
was noted by Duval and D’Aunoy They report a striking increase 
in "virulence and conclude that a number of animals died undoubtedly 
from the direct effect of the "virus of measles and not on account of 
intercurrent infection Tins finding "v\"ould requue extensive con- 
firmation and elaborate control in order to eliminate the possibility 
of epizootic disease 
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The susceptibility of guinea-pigs to measles was studied also by 
Duval and D’Aunoy They conclude that the gumea-pig reacts spea- 
fically to the \urus of measles showing a defimte and constant nse of 
temperature mtli a coincident fall in the total number of leucocytes 
after an incubation period of nine to twelve days 
Several large senes of expenments were conducted but unfortu- 
nately some of the essentials of these data do not appear in the report 
Those portions of the data concemmg the temperatiure and leucocyte 
count which the autliors present are not suffiaently complete to 
penmt a logical conclusion The situation m bnef is as follows 
The temperatures and leucocyte counts of 30 normal guinea-pigs 
were taken for thirty-one dajs and the daily average result of this 
senes is recorded In a similar manner, 15 guinea-pigs were injected 
with normal human blood and the daily average temperature and 
leucocyte count is recorded Finally, the blood from 7 cases of 
measles was injected into gumea-pigs In each espcnment of this 
seneS, 6 animals were used, 4 for blood from measles patients and 
2 for controls Thus 28 pigs received measles blood and 20 of these 
showed evidence of reaction However, only tw o charts are given of 
temperature and leucocyte counts and it is entirely impossible to 
determme whether these charts represent the data of a single animal 
or the composite data of more than one Since some of these animals 
were sacrificed, the curve is not a composite of the entire group 
Obviously tlie chart of a single expenment or of an entirely unknown 
number of ammals cannot be compared with the composite chart of 
30 control animals, studied one or two months previously The 
14 control ammals inoculated simultaneously wath those receiving 
measles blood showed no reaction but no data are given It would 
appear that any temperature above 102° W’as regarded as abnormal 
In passage experiments from guinea pig to gumea-pig, the virus 
increased in virulence even to Uie extent of killing “a number” of 
the animals Acute hemorrhagic nephritis is reported as a constant 
finding but unfortunatclj the number of animals exammed is not 
indicated 

Tunmchff and Moodj (24) injected 9 rabbits intratracheally with 
the varus of measles using presumably mucous secretions Good 
rashes were obseued in 8 of tliese animals but no other defimte 
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symptoms developed None of 15 control rabbits showed any rashes 
sumlar to those produced by the virus of measles Two guinea-pigs 
were inoculated intratracheally -with the virus of measles, the results 
suggesting a nse in temperature and in one instance a leucopenia 
Kawamura inoculated monkeys with the blood of measles patients 
and subinoculated from the monkeys into guinea-pigs and rabbits 
■rath entirely negative results 

NicoUe and Conseil inoculated rabbits and guinea-pigs and conclude 
that these animals are not susceptible to measles 
In conclusion, it would seem clear that the sjrmptoms in rabbits 
appear even less definite than those descnbed in the monkey and the 
evidence that the virus survives in rabbits rests, in a large measure, 
on the re-inoculation fiom rabbits to monkeys Acceptance of the 
susceptibility of rabbits and guinea-pigs to measles, or even the 
survival of the virus in these animals, is not warranted on the evidence 
which has been submitted 

BACTERIOLOGICAL INVESTIGATIONS 

Cultural work on measles has been restricted, for the most part, to 
the aerobic bacteria The types of media and the methods which 
have been employed have not differed strikingly from the standard 
routine bactenological procedures The materials usually selected 
for examination have been the secretions of the conjunctival and 
upper respiratory mucous membrane, the circulating blood and the 
lesions of the skin From these sources, many representatives of 
the common types of bacteria have been isolated, none of which occur 
constantly or exclusively in measles The organisms which have 
been described are not very remarkable The earlier observations 
have been summanzed by Hektoen (25) 
jB injluenzae Of the vanous bacilli observed in measles, B m- 
Jliienzae of Pfeiffer has attracted the most attention It was first 
isolated from uncomplicated cases of measles dunng the active stage 
of the disease by Giarre and Picchi (26) in 1900 Subsequent ob- 
servers have found that this bacillus appears with considerable 
frequency in measles It occurs rather abundantly in the mucous 
membrane of the conjunctivae and upper respiratory tract, and m 
the lungs in cases complicated by pneumonia, but it has not been 
found in the blood nor in the skin lesions 
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Several weeks after the subsidence of the first wav e of the pandemic 
of influenza in 1918, the occurrence of B mjlucitzae in cases of measles 
was investigated at Camp Devens, Massachusetts, by Lieutenant 
Sturm and the writer (27) As this was one of the camps in which the 
Pfeiffer bacillus was prevalent dunng the epidemic of influenza, it is 
obvious that this organism may hav'e been rather widely distnbuted 
at this time We recovered an organism indistinguishable from B 
tnJlnciKae from the sputum in 80 per cent of a senes of 31 consec- 
utive cases of measles Moreover in three-fourths of Uiese patients, 
tlie bacillus disappeared with the subsidence of the acute symptoms 
In a group of 7 control individuals, some of whom had had influenza 
a few weeks previously, repeated examinations failed to show the 
presence of the Pfeiffer baciUus The strains obtained from measles 
cases were compared carefully with similar strains isolated at autopsy 
from the lungs of patients djung from complications of influenza 
No significant differences were found either in morphology, staining 
properties, cultural characteristics, immunity reactions, nor in the 
behavior of these strains to freezing, drying, and the action of bile 
and sodium hydroxide Two monkeys were inoculated wuth strains 
obtained from measles patients One remained well but the other, 
after sly days, developed pronounced malaise with cyanosis and a 
fall in the leucocyte count but without a nse in temperature Two 
human volunteers who, as far as could be determined, had had neitlicr 
measles nor influenza, were inoculated by rubbing strains from the 
cases of measles on the mucous membrane of the conjunctiv'ae, tlie 
nose, mouth, and tliroat No symptoms developed and no change 
occurred in the temperature or w hite count hloreov er tlie inoculated 
organisms could not be recovered in subsequent cultures Under 
natural conditions the Pfeiffer bacillus frequently establishes itself 
upon a mucous membrane Therefore, the failure to produce symp- 
toms would have had much more significance if successful coloni- 
zation had been obtamed Mallory and IMedlar found B mjlucitzac 
frequentlj in measles cases in 1916 and only rarely in 1917 
Vanous interpretations have been suggested concerning the occur- 
rence of the influenza bacillus in measles Several of tlie early 
obsen ers considered tliat Uie presence of this organism justified tlie 
diagnosis of a complicating influenza Ihis conclusion is not war- 
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ranted since, as a rule, the cases of measles harboring the bacillus do 
not show chnical evidence of influenza A few observers, notably 
Giarre and Picchi, consider the possibility that a Pfeiffer-like organism 
may be the etiological agent in measles In order to give favorable 
consideration to this view it is of vital importance to establish dif- 
ferences between the strains of the Pfeiffer bacillus occurring in 
measles and in influenza Such differences have not been forth- 
coming In their absence, the weight of evidence indicates strongly 
that the Pfeiffer bacillus is merely a secondary invader which mul- 
tiplies more readily during the penod of inflammation produced 
by the virus of measles Indeed, the acceptance of the Pfeiffer 
baciUus as the specific cause of influenza is somewhat compromised 
by the frequency with which this organism appears in uncompli- 
cated cases of measles 

Cocci. Many observers have described micrococci, very commonly 
in the mucous secretions, and much less often in the blood stream 
The most recent observations are those of Tunnicliff (28) who isolated, 
by anaerobic methods, a micrococcus from the blood during the pre- 
emptive and emptive stages of the disease In the latter stage, a 
very considerable variety of other organisms was also obtained 
The micrococcus isolated from the blood, developed aerobically on 
subinoculation, producing green pigment on blood agar plates A 
similar coccus was also found in the secretions from the mucous 
membrane In a subsequent study, Tunnicliff confirmed the occur- 
rence of this micrococcus in the mucous secretions but no report was 
made in regard to blood cultures 

In a recent paper Tunnicliff and hloody (24) descnbe the effect on 
animals of this micrococcus Upon mtratracheal injection in rhesus 
monkeys, a leucopenia developed but no rise in temperature occurred 
Occasional small red papules appeared in the skin, the histological 
picture of these bemg consistent with the diagnosis of measles 

The cultures of this green producing coccus were also found to be 
pathogenic for rabbits, dogs, mice, rats and guinea-pigs In the 
gumea-pig, a nse in temperature accompanied by a fall in the leu- 
cocyte count was noted, but no rash developed In rabbits (22 in all) 
no definite fever nor leucopenia occurred but 42 per cent developed 
spots which were interpreted as Koplik spots and in 87 per cent an 
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exanthem ^as observed Rats and young dogs injected vjitb this 
micrococcus became ill but recovered It is noteworthy that these 
animals are ordmanly regarded as being entirely refractory to measles 

Tunmchff and Moody cautiously, and it seems to me wisely, 
refram from concludmg defimtely that this green producmg coccus is 
the etiologic agent of measles In this connection it is interesting 
to recall tliat other micrococci are capable of producing rashes, 
notably the meningococcus and probably some of the streptococci 
as recently reported by Dick and Dick (29) 

Wentworth and the wnter, as well as Mallory and Medlar, were 
unable to demonstrate any micrococci in cultures from the blood of 
measles patients 

Diphtheroids The diphtheroid bacilli represent one additional 
group of organisms whicli has been found more or less frequently in 
measles Bacteria of this type appear to be almost omnipresent as a 
part of the normal flora of the body tissues Observations of some 
interest were made by Ciaccio (30) In the autopsy of 8 cases of 
measles an organism, which was apparently a small diphtheroid, was 
found rather widely distnbuted in the lymph glands and in vanous 
organs, but ne\er in the skin lesions Mallory and Medlar in the 
cultural examination of the nasal and nasopharyngeal secretions 
noted the presence of diphtlicroid bacilli almost constantly 

Bigelow and tlie wnter (31) have frequently obtained diphtheroids, 
often in pure culture, from the conjunctivae of measles patients 
The onginal cultures grew feebly and slowly, but eventually sub- 
cultures on ordmary egg or Loefller’s medium gave abundant growth 
Subsequently we found repeatedly that a small Gram staining pleo- 
morphic bacillus de\ eloped in blood cultures from measles patients 
This organism was obtained m 25 of 31 cases In control blood 
cultures in 24 instances, growth occurred in 5 cases The organisms 
obtained from the controls resembled those from the measles cases 
in their morphology and staining reactions but differed in tlieir fer- 
mentation tests rather markedly from the majontj of those obtained 
from the measles cultures 

Three rhesus monkejs were inoculated wath cultures from the 
measles cases In 2, the sjmptoms were aaguc but in the third a 
suggesUic cluster of macules and papules dei eloped The histo- 
logical picture conformed to the descnption of the human lesions 
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Neither the micrococcus descnbed by Tunnicliff nor the bacillus 
cultivated by Bigelow and myself have been confirmed by inde- 
pendent observers The simplest explanation for both of these 
microorganisms is that, during the extensive inflammation of the 
mucous membrane, some of the normal flora are swept into the blood 
stream Such an explanation is, of course, not an easy one to dem- 
onstrate experimentally However, all workers in problems of 
etiology must bear in mind the now numerous examples in other 
infectious diseases of the cultivation, apparently from the blood 
stream, of bacteria which are surely without direct etiologic relation- 
ship to the disease 

RESUME 

Of the acute exanthemata, measles is the most important cause of 
infant mortality The disease does not per se produce fatal results 
but only through its complications, one attack confers marked 
immunity There is, therefore, an excellent theoretical basis for the 
development of a method of active immimization, this being obviously 
the most desirable procedure for bringing the disease under control 
Practically, the experimental problem of developing such a method 
of inoculation has proven to be very difficult of approach The 
difficulty might be solved, of course, either by obtaining a suitable 
source of supply of the virus with the development of a process for its 
attenuation or more ideally by the isolation and cultivation of the 
causative microorganism 

The dinical features of measles indicate that one might reasonably 
expect to find the virus of measles in the circulating blood of a patient 
and that the injection of such blood into a susceptible individual 
might reproduce the disease more or less regularly and perhaps in a 
somewhat modified form The symptoms of the disease, the mode of 
infection and the resulting immunity suggest that the causative agent 
is not a typical protozoan; it may not unlikely prove to be a member 
of the general group or bacteria or the bacteria-like microorgamsms, 
either visible or ultramicroscopic in size 

Histology Careful histologic examinations of the skin lesions 
and the Koplik spots have not revealed any definite microorgamsms 
Nevertheless, the causative organism is probably present in these 
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lesions, perhaps m very scanty numbers Neither has any cellular 
reaction been descnbed which is diagnostic of the disease, the pnnapal 
charactenstic being some proliferation in the tissues around the 
vessels, of the endothelial leucocytes, the latter often showing mitoses 
There is no evidence of primary necrosis or acute exudation of poly- 
morphonuclear leucocytes such as the ordinary micrococci produce 
Bacteriology Cultures of the inflamed mucous membranes have 
shown for the most part only the flora commonly occumng in the 
upper respiratory tract such as the cocci, the diphtheroids and fre- 
quently the influenza bacillus A number of microorganisms have 
been found from time to tune in cultures of the blood, two are worthy 
of mention, namely, the micrococcus obtained by Tunnidifi and a 
Gram-positive pleomorphic baallus reported by Bigelow and the 
writer Each of these organisms when inoculated in monkeys pro- 
duced maculopapular lesions, the histology of which was consistent 
mth that of human measles In my opinion, this finding is not 
sufiiciently distinctive to justify one in placing confidence in either of 
these organisms as the etiologic agent 
Transmission to man It has already been emphasized that the 
existence of the virus of measles in the arculatmg blood of a patient 
does not necessarily presuppose that the injection of such blood in a 
susceptible person would produce an infection The most valuable 
and the one most definite expenmental contribution to the study of 
measles was made by Hektoen when he produced measles artificially 
in 2 volunteers by the inoculation of blood from a patient He 
demonstrated at the same time that the virus will survive in ascitic 
broth at 37°C for at least twenty-four hours The clinical symptoms 
in these \ olunteers differed in minor respects from the usually constant 
picture of the natural infection Information is lacking concerning 
certain features sucli as Koplik spots and the leucocyte counts 
Indeed it is not yet established in how far “measles inoculata” might 
vary from the spontaneous disease 
My own work on tlie inoculation of volunteers wnth blood of 
measles patients has given only negative results, indicatmg that the 
injection of a patient’s blood will not regularly and constantly repro- 
duce tlie disease in individuals who are apparently susceptible 
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Snsceptibihiy of monheys Experimentally, one of the most im- 
portant factors in the study of measles is the question of the sus- 
ceptibility of monkeys Attempts have been made in two directions 
. to establish proof of the susceptibility of monkeys to measles NicoUe 
mjected blood from a measles patient into a monkey and noted a mild 
febrile reaction A child moculated with blood from this animal 
developed measles. Unfortunately the precautions which were taken 
to prevent accidental infection are not described 

Blake and Trask found that the histologic picture of the skin rashes 
occurnng in monkeys inoculated vnth measles corresponded to the 
histology of the lesions of human cases This histologic picture is not 
pathognomonic We have, therefore, no convmcing proof of the 
susceptibility of monkeys 

Although my own attempts to infect monkeys have been disappoint- 
ing, nevertheless it seems to me that the weight of evidence in the 
literature favors the conclusion that occasionally individual animals 
develop mild reactions when inoculated ivith the virus of measles 
However I am not willing to place dependence on this method for 
studying the disease Practically all observers agree tliat the symp- 
toms are rather vague, many individual monkeys being entirely 
refractory Variation occurs in this respect to a much greater 
degree for example than in the case of the expenmental production of 
typhus fever Moreover, experienced investigators report altogether 
conflicting results in the study of measles regarding such cardinal 
factors as the development of a skm rash and the occurrence of a 
febrile reaction There is also marked variation concerning details 
such as the incubation penod, the presence of Koplik spots, of leu- 
copema, rhmitis and malaise Anyone contemplatmg the study of 
measles m monkeys iviU find that very naturally no uniform technique 
has as yet been evolved In the choice of matenal for inoculation, 
equally good results have been reported by the use of either blood or 
mucous secretions Three modes of procedure have been employed 
for the inoculation of mucous secrebons, namely, (1) swabbing the 
mucous membranes with or Avithout preliminary scanfication, (2) 
subcutaneous mjection, and (3) inbatracheal injection No com- 
parison of these metliods has been attempted but theoretically the 
intratracheal injecbon ivhen followed by regurgitation with coughing 
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and sneezing would give opportunity for a thorough inoculation of 
tlie mucous membranes 

Whatever tlie mode of inoculation, tlie chief difficulty arises m the 
interpretation of the reactions Of the vanous findmgs reported in 
the monkey, there are three features of cardinal imporance, namely, 
(1) fever, (2) leucopenia, and (3) rash, either of the slan or mucous 
membranes These symptoms supposedly characteristic of expen- 
mental measles, are too mild to determine convincmgly tlie etiologic 
relationship of suspected microorganisms isolated from patients 

This may seem to be an unhopeful view On the contrary, it is 
merely suggested that attention should be directed toward a further 
study of the reactions in animals It seems to me important to 
establish first of all an exact method of study rather than to in- 
crease the mass of data that has been founded on more or less doubtful 
methods 

Of the cardinal problems yet to be solved in measles we may 
mention (1) the demonstration of the causative microorganism, (2) 
its cultivation, and (3) the infection of lower ammals in such a manner 
as to provide a reliable and practical method for tlie recognition of the 
virus By contrast witli measles, let us consider a disease such as 
spotted fever, in which the causative organism is readily demonstrated 
microscopically in tissues and which produces in guinea-pigs a fatal 
infection TOth characteristic lesions In any attempts at cultivating 
this organism, suspected cultures can be tested readily and conclu- 
sively However, m measles, in working on any one of the three 
features just mentioned, it is necessary to contend with two unknown 
factors 
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ON I HE PATHOGENESIS OF TETANY 

W G MvcCAliUJI 

From the Department of Pathology^ The Johns Hophns Untcersttyf Balhinore 

The literature concerning tetany is filled with somewhat discon- 
nected observations of various symptoms and alterations of tissue 
which at first sight seem but little related Such observations show 
that tetany is associated with nckets, or with pyloric obstruction, 
or with some infectious or renal disease It follows destruction of the 
parathyroids sometimes accidentally brought about m operations on 
the thyroid, it can be made manifest when latent by certam intoxi- 
cations or by lactation, although it is ameliorated by pregnancy 
It can be produced by forced rapid respiration or by the intravenous 
mjection of some substances such as alkalme bicarbonates and phos- 
phates It has as its most constant and easily recogmzed symptom the 
mechanical and electrical hyperexcitabihty of the nerves which may 
lead to tonic and clonic spasm of the muscles, but it may also be accom- 
panied by changes m the teeth, eyes, skm, etc 
Indeed, one is led to believe that there may be several types of 
tetany differing widely in their etiology and m the mechamsm of their 
production although the final changes in the blood which brmg about 
the actual symptoms may be the same Thus it must seem obvious 
that there can be little immediate relation befneen the extirpation 
of the parathyroid glands and a constriction of the pylorus, and that 
die changes in tlie blood through which they finally brmg about similar 
symptoms must follow ratlicr long converging paths until the ultimate 
change m the blood is the same in both So, too, we might contrast 
the tetanj of infants with that produced by prolonged forced respira- 
tion The final status of the blood wluch causes hypcrexatability 
of the nen'es maj be the same but it has been reached by different 
processes It seems ev en possible that w e might deliberately produce 
that final status by aarious different wajs of interfenng with the com- 
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position of the blood, and we know positively that we can restore the 
animal to the normal state, temporarily at any rate, by reestahlishmg 
the normal composition of this altered blood 

Observations upon the relations between tetany and psychoses, 
infections, intoxications and various disturbances of growth con- 
nected with deficiencies m one or other of the organs of mtemal secre- 
tion are still rather vague, as shown by Aschenheim in his recent care- 
ful re\uew, but there are several t3rpes of tetany which stand out very 
distmctly and have been reasonably well studied These are (1) the 
experimental or post-operative tetany resultmg from extirpation or 
destruction of the parathyroid gland, (2) gastric tetany associated with 
long continued narrowmg of the pyloric orifice, (3) tetany from forced 
respiration such as sometimes occurs in the hysterical or insane, and 
(4) mfantile tetany or spasmophilia which accompames rickets 
There are doubtless others which occur spontaneously and stiU others 
which are of an artificial character produced by profound modifica- 
tions of diet or by dehberately disturbing the constitution of the blood 
by massive injections of various substances such as bicarbonates or 
alkaline phosphates 

Expc} imental parathyrcopnve tetany The sequence of the most 
tjqncal form of tetany upon the extirpation of the parathyroid glands 
is now perfectly recognized by everyone and most of the studies of 
experimental tetany have concerned this form Its precise, and one 
might say, quantitative relation to the parathyroid glands is estab- 
lished although only after long dispute 

Post-ope> aiive tetany in man' Practically identical with this is the 
tetany winch occurs after operations mvolvmg removal of large 
portions of the thyroid gland, especially in cases of carcmoma of the 
tlijuroid in which removal or destruction of the parathyroid glands may 
occur A considerable literature has arisen recently with regard to 
precautions w^hich may be observed m order to avoid actual removal 
or even the impairment of the arculation of these glands But the 
literature is more especially concerned with efforts directed toward 
the prevention and cure of this post-operative tetany by the reim- 
plantation of such parathyroid glands as are recognized after removal 
or by the transplantation of glands from other persons Halsted s 
experimental studies gave an impetus to this effort by showmg that 
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a parathyroid f,land could be implanted in the same animal from tvhich 
It IV as taken if a parathyroid insufficiency existed and that when estab- 
lished it would protect the animal from tetany even when all the other 
parathyroid glands were removed 

Von Eiselsberg, Florckcn and Fntsche, Roth and others have been 
successful in such transplantations in human beings and Borchers 
reviews this aspect of the subject up to 1921 Leschke thinks there 
may be a rachitic basis for post-operative tetany since the danger of its 
occurrence has mcreased with tlie increase of rickets smee tlie war 
and the trauma of operation alone, without destruction of the para- 
thyroids, IS enough to cause it Melchior, too, finds tliat smcc the war 
there is frequent alteration m the electrical exatability of the nerves 
and any operation may initiate tetanj This seems hardly comparable 
with post-operative tetany in previously normal people but rather the 
appearance of manifest tetany m persons in whom tetany was latent 
and in whom tlie operation is merely the mcident whicli acts as a final 
stimulus to the over-cxcitable nervous system 
Gastric tetany in adults and children and in experimental animals 
dillcrs profoundly m its origin from paratliyroid tetany, masmuch 
as the paratliyroids arc normal and with obstruction at the pylorus 
tetany develops in spite of the activity of the parathyroid glands 
It appears from the work of MacCallum and assoaates, McCann, 
Hastings and hlurray, and others to bo due to a loss of hydrochloric 
acid through vomiting 

Tetany from forced respiration is quite analogous to this since 
carbonic acid is too rapidly removed from the body Grant and 
Goldman, and others, have shown that this is followed by a decrease 
m the hydrogen ion concentration, an increase of tlie carbon dioxide 
combining power of the blood, alkalme urine, decreased excretion of 
ammonia and slight increase m the calcium of the serum 

Infantile tetany is certainly very different from the foregomg forms 
m its origm, inasmuch as it seems highly improbable that it depends 
upon destructive diangcs m the parathj roid glands It is true that 
Yanasc and Erdhcim proposed the idea sometime ago that hemorrhage 
into die substance of the glands is responsible for tlie tetany but this 
has not been supported bj otlierswlio find that hemorrhages are about 
as frequent m children that show no tetany and arc often rmssmg 
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in those that do But in place of this suggestion there is no satisfactory 
explanation to offer Much has been learned as to the metabolic dis- 
turbances but nothing as to the primary cause The invariable associa- 
tion with rickets shows the character of this disturbance but no one 
knows how or why it is produced 

Certam things are quite defimtely proved with regard to para- 
th3a'eoprive and infantile tetany upon which most of the experimental 
work has been done One outstanding fact is that the calcium content 
of the blood is decreased, and the other that if this be restored to some 
degree by mtroducmg a soluble calcium salt, the s}Tnptoms of tetany 
disappear and the animal remains normal as long as the calcium level 
is kept high enough These two facts were first clearly demonstrated 
by MacCallum and Voegtlm although some evidence as to the de- 
creased calcium content of blood and tissues had been brought for- 
ward by European workers (Quest, Sabbatani and others) Exact 
studies provmg the similarity m the reduction of calcium in the case of 
infantile tetany have been made by Howland and his assistants, 
Marriott, Kramer, and others The truth of both statements has been 
confirmed by a host of other workers and there is now no doubt as to 
their correctness It seems unnecessary to mention again the names 
of one or two mvestigators who have figured for years in the literature 
as ha\Tng had results contrary to these 

As to the sodium and potassium content of the blood there are few 
definite statements but Howland and Kramer find by accurate methods 
which were devised for the purpose, that these substances are present 
in essentially normal amounts Several authors have turned their 
attention especially to the sodium and potassium relative to the calcium 
and magesium on the basis of J Loeb’s studies of the importance of 
these relations in connection with the excitability of the nerve muscle 
preparation This is mdeed so well estabhshed an idea that it is 
brought forward as a final explanation of the electrical hyperexcita- 
bility, whatever be the mechamsm of the disturbance in the relations 
However, the conditions are so comphcated by the various anions 
concerned and by the varying rates of excretion of the alkalme kations 
that it IS not always easy to refer the results of experiments directly 
to changes in the relations of sodium and potassium to calcium and 
magnesium 
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Joseph and Meltzer thought that tetany could be cured by large 
injections of concentrated sodium chloride solutions and VoegUin and 
MacCallum found that a slight improvement in symptoms could be 
produced in this way, lastmg, however, only a short time, not accom- 
panied by a lowering of the electrical exatabihty of the nerves and not 
m any way comparable with the immediate and complete removal of 
all the effects of tetany which follows the injection of calaum Potas- 
sium acetate m their hands rather increased the mtensity of the tetany 
and so did sodium bicarbonate It is well known that mjections of 
sodium bicarbonate in normal ammals will greatly mcrease the elec- 
tncal exatability of the nerves and produce convulsions not preasely 
comparable with the twitchmgs of tetany, and that tlus is accom- 
pamed by an mcrease m the alkalme reserve of the blood and the con- 
centration of bicarbonate although all these changes shortly disappear 

It IS not clear that an increased electrical e-ratabihty of the nerves 
or any symptoms resembbng those of tetany can be directly brought 
about by attempts to increase the ratio of sodium and potassium to the 
calcium m the circulatng blood although this disturbed ratio evi- 
dently exists when m tetany the sodium and potassium are m normal 
proportions and the calaum decreased Possibly this is due to the 
rapid compensation by excretion of these substances 

With regard to phosphorus nearly all investigators agree that in the 
course of tetany there is or may be a retention in the blood Green- 
wald found a distmct mcrease m the phosphorus content of the blood 
of dogs in tetany and Ebas and Weiss, and Elias and Spiegel confirm 
this Bluhdom states that the phosphorus metabolism runs parallel 
with the calaum balance Howland and his associates who find phos- 
phorus markedly reduced m rickets, find it normal or increased m 
tetany and Freudenberg and Gyorg> make the same statement 

This inaease m phosphorus has led to a great deal of study of the 
effects of mjccting phosphates mto the arculatmg blood and m these 
experiments while there ha\e been very contradictory results, it really 
seems that new light may have been shed on the whole chemical situa- 
tion in the blood in tetany 

Binger found tliat the injection of phosphates in suifiaent amount 
would cause a decrease m the ailcium content of the blood and produce 
tetany provided alkaline or neutral phosphates were used Mono- 
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sodium phosphate with its acid reaction caused a decrease in tlio 
calcium but no tetany and for this he offered no explanation jeppson 
also found that alkaliphosphates which are so abundant in cows’ milk 
produce an electric hyperexcitability, especially m the case of the 
potassium salts He is unwiUmg to believe that this depends upon 
changes m the calcium but thmks rather of a specific action of the 
HPO4 ion together with that of the potassium but it seems that this 
conclusion is based upon some observations which are not m accord 
with those of other workers, such for example as the argument tliat 
salts of potassium are more effective than those of sodium because 
sodium bicarbonate does not affect the electrical excitability of the 
nerves (On the contrary it has been repeatedly observed that the 
injection of sodium bicarbonate will produce a sort of tetany (Howland 
and Marriott, Harrop and others) and MacCallum has shown that 
upon the mj’ection of sodium bicarbonate m noimal dogs the electrical 
excitabihty is greatly mcreased although tire exact symptoms of 
tetany are not reproduced ) 

TisdaU. injected dibasic sodium phosphate and found a reduction of 
calcium from 10 5 to 6 2 mgm per cent, an mcrease of inorgamc 
phosphorus from 5 to 19 mgm and a change of pH from 7.4 to 7 5. 
There was no change m the sodium or potassium or chlorme concen- 
tration and nonemthe CO 2 combmmg povrer After mjection of phos- 
phoric acid the changes are the same except that the reaction of the 
blood tends toward the acid side and there is reduction of sodium and 
the CO 2 combinmg power He thinks the ratio of sodium to calcium is 
important and found one patient with tetany in which this ratio was 
dimimshed 

Ehas and his associates found the phosphorus mcreased in the blood 
m tetany and observed that mjections of primary as well as secondary 
phosphates mcreased the electric excitabfiity with no change m the 
alkah reserve He found that sodium bicarbonate decreased tlic symp- 
toms of tetany while monosodium phosphate made them worse and 
concluded that there must be acidosis m tetany In these conclusions 
he differs from almost all other authors 

Forges and Adlersburg find that alkalme sodium phosphate pro- 
duces tetany, while the acid phosphate does not, and a neutral mixture 
of alkalme and acid phosphates has no effect. Ammonium phosphate 
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(NHjH.rOi) remo\es the symptoms of tetany jUst as has been shown 
to be true for ammonium chlonde The effect of the phosphate is 
different accordmg to the mode of admmistration for the acid action 
appears first and is transient, bemg succeeded two or throe hours later 
bj' the phosphate action after the effect of the aad has been com- 
pensated Wien giacn bv mouth the acid effect is prodoramant and 
lasts longer 

Freudenberg and Gyorgy m a large number of papers devoted mostly 
to theoretical considerations, state that m tetany' there is an alLalotic 
tendency' — that the essential element m tetany' is the concentration of 
ionized calaum m tlie blood and that mcreased phosphates alone 
cannot produce tetany — aad phosphates do not tend to do so because 
they' do not mfluence the dissoaation of the calcium They hold to the 
thesis that idiopathic tetany at least is due to the coinadcnce of an 
alkalotic metabolism and the retention of phosphates because under 
these cucumstances the ionized calaum decreases when the phosphate 
increases and cspeaally w hen the tendency is tow ard tlie alkalme side 
Adlcrsburg and Forges, m their last paper, describe o\penments on 
normal human adults in whom tlie mtraienous injection of large 
amounts of NaH-P04 produces an mcrcase m electric eaatabihty' 
This seems a \ery' reasonable paper based on actual experiments m 
which they show that when acid sodium phosphate is mjcctcd mto tlie 
1 ems m large quantity', an macase m tlie electric caatability appears 
at once even m the presence of an aadosis (cf Elias and Komfeld) and 
that this is heightened two or three hours later as the aad is compen- 
sated and the effect of tlie phosphate persists They thmk tliat white 
the aad tends to decrease and the phosphate to increase electric 
cncitability , one must keep m mmd the quantitative relation of tliese 
substances, and tint although it may be possible to exiilam the effect, 
as Freudenberg and Gy'orgy niaintam, on tlie basis of the degree of 
ionisation of calcium, it is conceivable that anions as well as kaUons 
may have speaCc effects 

Howland, m his recent review of nckets, quotes from his prcMous 
paper concenung work of himself and Kramer with regard to the 
ionization of ailcium The solubility product constant explained w ith 
relation to sil\ cr cliloride is equally applicable to calaum phosphate 
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Tricaldum phosphate, Caj(P0i)2, is a substance soluble to only a shght 
degree. In the serum, tricaldum phosphate is subjected to the influence of 
carbonic aad which is present m considerable concentration The formula 
mav be written as follows* 


CasCPOfl: + 2 H-COj 2 CaHPOi • 


- Ca(HCO,)s 2 Ca++ + 2 HPO — + Ca+-" + 2 
HCOs- 


If caldmn phosphate is exposed to the action of carbonic add an equihbrium 
is established between dicaldum phosphate and caldum bicarbonate and 
between tliese and calaum, HP04“ and HCOsdons. IMien COj tension 
of tliis solution is reduced a reversal of tlie process takes place and tncalaum 
phosphate is precipitated again The reduction of the COi tension in a 
solution containing HCO3 ions is equh*alent to mcreasing the pH, i e , the 
alkalinity. 

Ross working ndth Howland, refers, as do so many others, to the 
formula of Rona and Takahashi whidi show*s that the caldum ion 
concentration depends not only upon the actual calcium concentration 
but also upon tlie bicarbonate ion concentration and upon tlie hydro- 
gen ion concentration 

(Ca-^) (HCOr) 


(H-) 




Under tliese drcumstances the concentration of the caldum ions 
would decrease as tlie bicarbonate ions increased but increase as tlie 
hydrogen ions increased and Auce versa A more useful conception 
is tliat emplo3*ed bj* Freudenberg and Gj-org}* and others, although 
it is conceivable tliat even tliis is not 3*et complete 

(Ca ) (HCOr) aiPO.) ^ 

(in 

From tliis the ideas so frequcntlj- expressed as to tlie importance of 
the ionised calaum can be readih*- compared with tlie actual results of 
experimental injection of bicarbonates and phosphates and dianges 
in tlie h\*drogen ion concentration although tliis not altogether tlieo- 
retical “equation’’ does not bear dircctl}’^ upon tlie antagonism of otlier 
kations It renders casj" tlie explanation of the results of Adlcrsburg 
and Forges accordmg to which a simultaneous increase in the phos- 
phate ions and tlie In’drogen ions must result in changes m the calaum 
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ion according to their relative mass An mcrease in the HPO4 ion will 
decrease the available Ca 10ns unless at the same tune the hydrogen 
ions are increased m equivalent degree, while naturally the mjection 
of an allali phosphate decreasmg the hydrogen ion and increasmg the 
HPOi ion will mevitably lead to a decrease in the calaum 10ns It 
IS evident that all of this admits as its underlymg idea the essenUal 
importance of the calcium ion m its effect upon the electnc excita- 
bility of the nerves, and that the various Lations merely play upon it 
to decrease or mcrease it but this is m turn by no means mcompatible 
with the still more fundamental possibibty that it is the relative 
proportion of the sodium, potassium, calaum and magnesium ions 
which finally affect the excitability of the nerve — even though the 
change may be exclusively m the calcium 
It seems tliat the most important need at present in the study of the 
chemistry of tetany is some method whereby the ionized calaum may 
be actually measured in the blood This has been so difficult that there 
are practically no observations upon this point If we could directly 
measure the calcium ion content and the hydrogen ion content of the 
blood in normal animals and in those brought into tetany by any of the 
numerous ways known to be possible, we could establish objectively 
tlie accuracy of tlic equation just given and from that deduce and later 
confirm all the possible situations with regard to other forms of tetany 
It is at least dear already from this equation, if it is a correct repre- 
sentation of the actual conditions, that no change m the hydrogen ion 
concentration of tlie blood is necessary for the reduction of the calcium 
ions, smcc this can be effected by a corresponding mcrease m the 
phosphate ion or m the bicarbonate ion On the other hand the 
equation would suggest that if a decrease m the calcium ion is found, 
w e should expect at once an mcrease m either bicarbonate or phosphate 
10ns Wiether this is true in all forms of tetany remains to be seen 
It IS clear that phosphorus is retamed m parathyroid tetany and bi- 
carbonate m gastric tetany and in that produced by the mjection of 
bicarbonate But m mfantile tetany the calcium is decreased, the 
bicarbonate is not increased, tlie morganic phosphorus is normal and 
there is nolhmg to suggest an alkalosis It is probable tlicrefore that 
other lonsmust enter mto the equation here imd indeed we do not know 
the mcdianism of the definite decrease m calcium in infantile tetany 
in the presence of normal relations of the other 10ns 
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In all these formulations of the chemical balance in the blood, the 
very important fact of the presence of numerous and complex pro tern 
substances is left out of consideration, although it is altogether prob- 
able Hiat they may exeicise a profound mfluence and perhaps con- 
trol the situation to a great extent 

The study of Trendelenburg and Goebel upon the relative effect 
of normal and tetany blood upon the heart of a frog is generally re- 
ferred to as a proof of the prime importance of the ionized calcium 
as such in affectmg the electrical excitability of the nerves, but it > 
does not seem clear tliat tlus is proved by their study They foimd 
that normal blood when perfused through a frog’s heart mamtamed 
a beat of a certam height and that blood from an animal m tetany 
allowed the heart to beat only half as powerfully although the normal 
beat was restored when normal Kood was made to pass through 
again. Then they ashed both bloods and found that a solution of the 
ash of normal blood when perfused mamtamed a normal beat wlule 
that of tlie ash of tetany blood still allowed the heart to beat only half 
as strongly If we assume that the ashing of the blood reduced all the 
calcium to tlie ionized state, the production of a normal beat by tlie 
ashed tetany blood would depend upon what proportion of the total 
calcium was m tlie ionized state m the normal blood If the total 
calcium in tetany blood is only half that m the normal, it would seem 
that unless more than half of that m the normal was in the ionized 
state and mthat condition necessary to the normal beat, there shouldbe 
enough ionized calaum in the tetany blood ash to supply this require- 
ment It IS evident tliat there are many possibilities and that it is 
by no means dear that this experiment proves tlie importance of the 
lomzed state It would be easier to assume from that alone that it is 
tlie reduction m tlie total amount of calcium in the blood winch makes 
the tetany blood unable to mamtam the normal beat 

Ross states very dearly tlie situation vith regard to “tliree t}’pes of 
tetany, gastric tetany, tetany following bicarbonate injections and infantile 
tetany in which we meet with a common symptom although the blood 
of the patients shows a totally different picture 

In infantile tetany the calcium concentration of the serum is mvanably 
reduced, in gastric tetanj it is normal, wdiereas in tetany followmg bicar- 
bonate injection it may be normal or reduced In infantile tetany the 
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bicaibonate of the blood is normal, m gastnc tetany it is greatly increased, 
m tetany folloiving bicarbonate admimstration it is increased In infantile 
tetany the chlonne content of the blood is normal, in gastnc tetany it is 
greatly reduced and in the tetany following bicarbonate administration 
It may be reduced In infantile tetany there is no eiidence to suggest an 
alhalosis, in gastric tetany there ma) be a slight change in the pH of 
the blood toward the allalme side The phosphorus (inorganic) concen- 
tration of the serum is normal in infantile tetanj It mav be increased in 
gastric tetany and also in the tetany following bicarbonate administration 
The sodium concentration of the serum is normal in infantile tetany, m 

gastnc tetany it is reduced-” 

} 

These conditions may be shown m tabular form (see page 148) 
and to tliem tliere may be added other types of tetany 

From tins table it is seen that with regard to some forms such as 
gastric tetany, bicarbonate and phosphate tetany and perhaps that 
following hyperpnea, our mformation is sucli as to suggest an explana- 
tion by way of the formula of Rona and Takahashi if we assume tliat 
tlio ionized calcium is reduced in the presence of an increase m either 
bicarbonate or phosphate ions In mfantile tetany and that follow mg 
destruction of the parathyroids we have a great decrease m the total 
calcium of the blood but there is really nothmg to explam it that is 
based on any firm foundation It is true that there have been state- 
ments to the effect tliat tliere is an alkalosis m parathyrcoprive tetany 
but tliese are contradicted by others on the evidence of equally good 
experimental work and no one has found an increased bicarbonate 
content in the blood Inorganic phosphorus is retamed in increased 
amount in expenmental parathyroid tetany but not as a rule in infan- 
tile tetany and tins suggests that the hydrogen ion concentration of the 
blood should be mere carefully studied At best, how ever, tins would 
gi\o only incidental evidence as to the condition of tlic calcium and 
none as to the actual reason for the alteration m its concentration 
m tlic blood In attempting to explain infantile tetany in children 
fed on cows’ milk, Orglcr suggests that the excess of potassium and of 
alkaliphosphatcs is at work, and Wcmstedl likewise regards the 
potassium the cliief exciting cause Human milk, according to him, 
contams more polassuim in proportion to calcium but cow’s milk 
bnngs mucli phosphate and probably lowers the calaum proportion 
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Larsson isolated the proteins of whey and found them separately 
admimstered without any effect upon children m latent tetany but the 
milk plasma freed of protem stirred up symptoms of tetany 
Wetzel, on the contrary, could produce no mcreased excitability of 
the nerves with potassium salts and th ink s that cows’ milk does not 
produce lU effects on accoimt of its potassium content Gross and 
Underhill thmk that parathyroidectomy chiefly disturbs the relations 
of potassium and calcium with definite lowenng of the calcium 
Fraiak, Notham and Guttraan also emphasise the importance of 
potassium m this regard 

Vanous pathological and physiological processes are found to accen- 
tuate tetany or to make mamfest latent tetany Howland and Mar- 
riott, and Ross have shown that m severe nephritis there may be a 
retention of phosphates and a lowermg of calciurnwhich would favor the 
appearance of tetany Pregnancy, accordmg to Stenvers and others, 
tends to ameliorate tetany and has no bad effect upon postoperative 
tetany but may mfluence it favorably It is conceivable that this 
might m the late stages of pregnancy be partly due to the activity 
of the parathyroids of the child This favorable mfluence is lost m 
lactation This has long been known and it seems probable that it is 
to be explamed as due to the removal of calcium from the body m the 
formation of the milk 

On the other hand, long contmued tetany becomes associated mth 
various pathological changes which seem more or less directly related 
to the calcium metabolism Erdheim’s studies of tlie dental changes 
and bone changes in rats deprived of their parathyroids are well 
known Korenchevsky criticises these results by saymg that diets 
deficient m calcium and vitamme A, or both, produce analogous 
changes and suggests that Erdheim paid no attention to the diet 
Samton-Poron describes chronic tetany with changes m the dental 
enamel, loss of hair, changes m the nails and cataract Even the 
cataract may well be associated with disturbance m the calaum 
metabolism 

From still another point of view there have been a few observations 
on the relations of the paratlijToids to disturbed calcium metabohsm 
Thus, Klemperer found enlarged parathyroids in a case of caremoma 
of the breast with extensive bone metastases with osteoid tissue for- 
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mation He connects the enlargement with a vam attempt on tlieir 
part to keep pace with the disturbance m the calcium relations follow- 
ing destruction of the bone Similarly, Gunther found tumor-like 
enlargement of the parathyroids associated with extensive destruction 
of bone by the so-called multiple browm giant-cell sarcoma of bone 
which are really chronic mflammatory changes Strauch found such 
tumor-hke enlargements associated with osteomalacia Such scat- 
tered observations are difficult to collate precisely but m each case it 
seems that there is an mtimate relation of some sort with calcium 
metabolism 

Through much of the literature there runs the idea that there must 
be a toxm responsible for the tetany even though with the best wll no 
one has ever been able to demonstrate the existence of any such toxm 
The argument is invariably offered that smce is experimental tetany 
the removal of a quantity of blood and its replacement by calcium free 
salt solution will stop the Symptoms of tetany, there must be a poison- 
ous substance m the blood which is now partly removed and for the 
rest diluted It is true that the electric excitability of the nerves may 
be lowered and the symptoms disappear but it is not necessarily the 
effect of removmg a toxm, for m a normal animal exactly the same 
lowering of the electric excitability occurs The cure comes, no 
doubt, because the functional capacity of the nerves to produce 
a muscular twitchmg is decreased by their malnutrition and if it were 
allowed to go on without compensation it would become impossible 
in a very short time for any impulse to produce a twitclung of the 
muscle If m an isolated extremity the perfusion fluid instead of the 
purest blood is blood mixed ndtli salt solution or Ringer’s solution, 
tlie excitabihty of the nerves smks to zero m a very short time Thus, 
from tliat pomt of view there is little to show that a toxm is removed 
by bleeding the animal and replacing the blood with salt solution 

The reviewer has the impression that the arguments put forward m 
favor of the idea tliat the formation of methyl guanidm in the body 
is tlie actual cause of tatany are based largely upon the feelmg of the 
need of findmg such a toxic substance Guanidm or methyl guanidm 
foimd in blood or urine and extracted by very complicated chemical 
procedures has an air of artificiality and at best tlie fact tliat the 
injection of such substances produces symptoms somethmg hke those 



PATHOGENESIS OP TETANY 


151 


of tetany is not proof that it is the actual cause of tetany Koch was 
the first to suggest this connection and was follow ed by D Noel Paton, 
Findlay and otlicrs, who after makmg extended studies of the calcium 
deficiency of the blood and the mechanism of nervous hyperexata- 
bihty, accepted methyl guamdm as the substance produced from mus- 
cle by the decomposition of creatm which became responsible for the 
muscular twitchmgs They found that guamdm and methyl guamdm 
when injected produced symptoms extremely similar to those of 
tetany, includmg the heightening of the electrical excitability of the 
nerves and that calcium acted to antagonwe these symptoms os m 
tetany Bums and Sharpe claim to have isolated from blood and 
urme of animals m tetany, and from the urme of children suffering 
from idiopathic tetany, guamdm and metliyl guanidin m much larger 
quantities tlian are found m normal animals or children 
The other papers upon this bnng vanous points of view Henderson 
finds that after parathyroidectomy there is a fall m the total and free 
guamdm of muscle and a correspondmg rise m creatm and thmks Uie 
excess of guamdm m blood and unne is due to its liberation from the 
muscle or failure of muscle to take it up from elsewhere Bums and 
Watson thought tliat parathyroid tetany and guanidine poisoning, 
both of which cause interference noth vago-cardiac inhibition, differ 
only m degree In both calcium salts remove the effect upon tlie heart 
Guanidine has a mcotme-Iike action poisomng synapses and m larger 
doses an atropme-like action causmg paralysis of termmal ganglia 
m tlic heart of the frog It does not paralyze the sympathetic accel- 
erator mcchamsm Nattrass and Sharpe come to similar results 
Bayer showed that guanidme mjections produce a lowering of calcium 
in the blood approachmg that of parathyroid tetany, but Klinger show s 
that m rats in guanidme poisonmg the diameter of the symptoms is 
very different from parathj roid tetany and is not cured by calcium 
There is bronchial spasm, difficult breathmg, salivation, pmntus of 
nose and convulsions In the cat guanidme produces vomitmg, m- 
crease m motor and psychic excitability, restlessness, twitching and 
salivation, and it is here too most striking that while calcium salts cure 
paratliy roid tetany tliey arc useless in guanidme poisonmg Nclken 
found tliat guanidme may or may not lesson Uie calcium content of the 
blood but usually heightens Oic phosphorus content Kummer, who 
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observed tetany produced by atrates and even by oranges and lemons, 
thinks that in tetany the loss of calcium leaves the muscle permeable 
to such poisons as guamdine Frank, who studied chronic and latent 
tetany, assumed that it might be caused by an auto-intoxication with 
dimethylguanidme produced by splitting off from creatinin Drag- 
stedt and his associates are convmced that the poisons which produce 
tetany arise m the gastromtestmal tract through the activity of pro- 
teolytic intestmal bacteria and are protein spht products (amines). 
The parathyroid prevents intoxication as it is part of a detoxicating 
system which mcludes the hver Proper attention to the diet and the 
prevention of intestinal toxemia should prevent tetany 

The injection of guanidme, methyl guamdme, histamine, tnmeth- 
ylamme, etc , failed to produce t3^ical tetany but there were vormt- 
ing, tremors, etc — ^more easily produced m parathyroidectomized 
dogs than in normal ones Luckhardt and Rosenbloom proceed on the 
idea that if guamdme is the poison m producmg tetany, active diuresis 
should wash it out and cure tetany Abundant injection of Rmger’s 
solution even without calcium will cure tetany. There are many 
possible explanations of this vdthout recourse to the necessity for a 
toxin — ^for example, phosphates may be washed away lea\dng the 
available calcium mcreased 

On the whole, the evidence in favor of the primary role of guanidme 
or methylguamdme m the production of tetany seems xmconvmcing 
though it would be so satisfymg to find a single toxic cause of tetany 

Recent expenence in the treatment of tetany is almost all of a nature 
to throw some h'ght on the mechanism of its production and is therefore 
important in the study of the pathogenesis Practically aU authors 
agree that the administration of soluble salts of calcium by intravenous 
mjection or in any way which insures the rapid absorption of the 
calcium •null stop as though by magic all the symptoms of tetany 
This was thoroughly demonstrated by MacCallum and his co-workers 
and the importance of calcium in connection with the hyperexata- 
bility of the nerves shown by perfusmg an isolated extremity with 
blood from which calcium had been in part removed by dialysis 
Such nerves became abnormally exatable but were restored to the 
normal state when perfusion was contmued with normal blood 
Climcally, the immediate relief of symptoms upon mtravenous injec- 
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tion of calaum salts has been everywhere confirmed, for eYamplo 
by Bluhdom, Brown, MacLachlan and Simpson, Kneschke, Maggiore, 
Leicher, Beumcr, Luckhardt and Goldberg, Howland and his assoa- 
ates, to mention only a few of those who have commented on it 
Salvesen, in dogs kept alive for a long time with calcium, found that 
after the lapse of weeks there occurs an adaptation to a lower require- 
ment of calcium and tetany remains m abeyance even though the 
content of calaum m the blood is low Such dogs thrive on milk but 
develop tetany at once if given a meat diet mstead of the milk So, 
too, if calcium is removed from the imlk by the addition of oxalates m 
proper amount they develop tetany at once, but if they are given a 
sufficient daily dose of calaum they are found not especially to require 
milk but tlinve on a meat diet The adaptation to the low level of 
calcium IS not explamed but the pqme importance of sufficient calaum 
m tlio diet IS perfectly demonstrated Luckhardt and Goldberg 
reached quite the same result and found that at first the intake of 
calcium must be 1 S grams per kilo daily In then dogs upon a thresh- 
old diet of calaum, tetany recurred durmg the oestral cycle and no 
doubt would do so also dunng lactation 
In a more mduect way it is possible to cure tetany temporanly by 
the admmistration of substances which supposedly affect tlie ioniza- 
tion of calaum Thus, as has been stated, Freudenberg and Gyorgy 
recommend ammomum chloride as produemg a tendency to acidosis 
Forges and Adlersburg and Raab put their faith rather in ammomum 
phosphate Bluhdom approves of this but thmks of course calcium 
lactate and acetate more lasting m their effects than ammonium 
chlonde or phosphate smee the calaum is replaced The bearing of 
these observations has already been explamed In gastric tetany 
MacCallum and his associates found that sodium chloride m large 
quantities prevented or cured the condition temporanly and McCann 
has smee used with success ammomum chloride Gamble and Ross 
found that by the use of sodium chloride the base is maintained in the 
blood and dogs lived longer tlian when treated watli ammomum 
chlonde 

Quite mysterious arc the remarkable effects of exposure to the ultra- 
Molet rajs of tlie quarU hmp whicli has been shown by Sachs, Cas- 
pans and Kramer, Huldschinsky and others to cure the symptoms of 
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tetany and to raise the calcium concentration in the blood and also 
that of the organic phosphorus It seems that this is due to increased 
absorption of these elements from the gastromtestmal tract (Orr, 
Holt, Wilkins and Boone) It is clear from this that rickets should 
be cured m the same way and it is well known that this is true Little 
attention seems to have been devoted to the effect upon tetany of the 
other great cure for rickets, cod liver oil Its action is also obscure and 
apparently due to an improved absorption and decreased excretion of 
calcium and phosphates When nckets is cured the further symptom, 
tetany, is prevented or cured and m this sense cod bver oil is effective 
m tetany, but itjis hardly possible to expect it to serve as an emer- 
gency treatment m cases of severe tetany 
Extracts of paratliyroid glands have naturally been tried, both 
experimentally and chnicaUy throughout many years and some of 
them seem to have some effect m restormg the calcium balance and the 
normal excitabihty of the nerves, but at best it is a slight and question- 
able effect and less satisfactory m experimental animals than in the 
tetany of adults, from which it may probably be assumed that the 
psychic effect of any treatment plays a part there Doubtless it may 
be as it was before the discovery of insulm, that this is because the 
proper method of makmg an extract has not yet been found, but it 
seems that one might expect effects from large mjections of a watery 
or salt solution extract of fresh parathjrroids — yet as will be seen from 
cursms showmg the electrical excitabihty in parathyroidectomized 
animals (MacCallum and Vogel) the immediate effect is very slight and 
no cumulative action could be observed 

One supposes that it is for these reasons that clmicians confronted 
with severe tetany, whether idiopathic or post-operative, have re- 
course ratlier to calaum salts which act so promptly m the emer- 
gency, and may be used so satisfactorily to maintain health over a long 
period in chronic tetany Nevertheless, surgeons have mterested 
tliemselves recently to a great degree m efforts to implant parathyroid 
glands and this natural method of replacmg one or more of those which 
have been destroyed has been successful m the hands of a few It 
requires careful technique and tlie chance of success is at least greater 
when it is possible to make an auto-transplant — that is, to reimplant 
tlie patient’s own parathyroids when they have been accidentally 
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removed Dr Halsted felt that this was the only chance of success 
but apparently others have succeeded with iso-transplantation The 
other obvious requisite vluch is emphasized by Borchers is that the 
surgeon should recognize the parathyroid and not transplant Ijunph 
nodes or bits of thyroid Roth descnbes a successful transplantation 
in a case of tetany during pregnancy and v Eiselberg has had several 
cases m which he cured chronic tetany by this means 
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CERTAIN ASPECTS OF THE CHEMOTHERAPY OF PROTO- 
ZOAN AND BACTERIAL INFECTIONS' 

WALTER A JACOBS 
The Rockefeller InsUt defer Medical Research 

The term chemotherapy m its more restricted sense is employed 
to designate that branch of investigation which deals with the dis- 
covery of chemical agents which act specifically on mfectious diseases 
and with the study of their mode of action The mtroduction of 
this term we owe to Ehrlich and the great progress which has been 
made m this field withm the comparatively short space of two decades 
IS due largely to the brilhant achievements and leadership of this 
worker The subject is now so vast that m the short time which 
IS allotted to us we cannot do more than discuss certam phases of 
what has been learned Our treatment of the subject must naturally 
fall mto two divisions, that dealmg wnth the chemotherapy of bac- 
terial infections and finally, that m which the ammal parasites have 
been made the objective We shall deal with the former first smee 
efforts to influence e\-perimental bactcnal mfcctions with chemical 
compounds antedate similar studies with ammal parasites 

cnEMomERAPY or bacteeiai, infections 

Not long after substances became known whicli would kill micro- 
orgamsms in the test tube, attempts were made to apply such germi- 
cides to disinfection ivithin the organism All such experiments 
postulated a direct action of the chemical upon tlie microorganism 
within the host sucli as occurs in dismfection outside of the body 
Among the very first investigations m this direction were those of 
Koch (1) who attempted to sterilize animals which had been mfected 
with anthrax bacillus by the use of bichlonde of mercury Although 
he was able to mject this substance mto the blood m such an amount 

‘ Ddnered before the Har\^> Societj, December 8. 1923, New Yoit Cil> 
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as to achieve a concentration many times that which was necessary 
to kill the microorganisms ^n mtro all the attempts proved fruitless 
Koch attributed the discrepancy between the m vitro and in vivo 
results to the fact that mercuric chloride forms a chemical union 
with the serum protems as evidenced by the formation of a precipitate 
and was therefore rendered meffective 

In later work, particularly that of von Behring, we see numerous 
other attempts to achieve internal disinfection Occasionally m- 
dications were obtained ivith the use of certain morgamc substances 
but such results proved of no practical value because of their great 
uncertamty and irregularity and the great toxicity for the animal 
shown by the amounts of chemical required Although occasional 
efforts in this direction contmued, this type of investigation came 
to be regarded as futile and almost impossible of achievement We 
can see m the words of von Behring an expression of this gloomy 
outlook After ten years of persistent attempts he finally concludes 

It can be regarded almost as a law that the tissue cells of man and animal 
are many times more susceptible to the poisonous effects of disinfectants 
than any bactena known at present Therefore, before the antiseptic has 
a chance either to kill or to inhibit the growth of the bacteria in the blood 
or in the organs of the body, the infected animal itself wiU be killed The 
pessimism of him who declared that disinfection in the hving body is for all 
tune impossible appears to be only too justified (2) 

But with the more recent highly successful application of synthetic 
drugs to the treatment of protozoan diseases and because of the 
failure in so many mstances of the more rational immunological 
methods, mterest again centered in the possibility of the therapeutic 
‘ appHcation of bactericidal agents The problem has proved ex- 
tremely difficult to approach by any other means It has been 
particularly difficult because of the lack of an empirical background 
such as had placed the qualities of arsenic, quinme and mercury ai 
the disposal of the worker with protozoan mfections It has seemed 
to some that tlie only method short of the mere empirical testing 
of all sorts of substances m the experimental ammal uas to employ 
the bactericidal test at least as a means of mitial onentation even 
though it appear the crudest makeshift. 
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The first extensive experiments m this direction were made by 
Bechhold and Ehrlich (3), who found m the group of halogenated 
phenols a number of substances which exhibited tn oitro a high order 
of inhibitmg action on the growth especially of the diphthena bacillus 
At the same time it was possible to follow certam influences which 
chemical constitution seemed to exert on antiseptic action sucli as 
the exaltmg efiect up to certam limits of the multiplication of halogen 
groups or the addition of methyl groups to the molecule But what 
IS more important was the observation that none of these substances 
would sterilize laboratory animals mfected with the diphtheria 
bacillus, and this, m spite of the fact that the toxiaty of some of 
the substances was low enough to permit the achievement of a con- 
centration in tlie blood 100 times that required to kill this bacillus 
in the test tube A possible explanation for this failure was agam 
found in the greater affinity of these disinfectants for the blood 
proteins than for the bacteria Although no visible precipitate was 
caused on mixing their solutions wnth serum as m the case of raer- 
cunc chloride, their bacteriadal action tn vitro w'as greatly reduced 
by tlie process In this work we find for the first time the expression 
“partial specifiaty” to designate a typo of selective antiseptic action 
which a chemical may display towards a particular nucroorganism 
Compatibility with scrum and partial specificity are factors upon 
which the subsequent workers with antiseptics have come to lay 
particular emphasis and their observations have fumished us witli 
not a few examples of the latter In the tendency toward specifiaty 
was found a gram of hope since it seemed a step m the right direction 
— m the direction of tlie spcafiaty displayed by immunity pnn- 
ciples Many mstanccs of partial specificity have been observed 
cspeaally among the organic dyes A number of those observations 
have been used as the basis of methods for the differentiation of 
bacteria m culture, such as tliat which employs genhan aaolet m 
media to restrain the growtli of Gram-positive strains, or the use 
of brilliant green to separate the typhoid from tlie colon bacillus 
A study of tlie bactericidal properties of tlie quaternary salts of 
hexamethylenetetramine (4) has brought out instances of substances 
wludi displayed a decided preference for tlie streptococcus In 
not a few cases, substances were found whicli killed the streptococcus 
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in dilutions which were 20 to 30 times greater than those required 
to sterilize suspensions of meningococcus and gonococcus A most 
imusual example of specificity has come to light in the case of the 
toxicity of the alkaloid optochm for the pneumococcus, but to this 
we shall return later Quite recentty Browning, Cohen and Gul- 
brausen (5) have imcovered perhaps a still more remarkable instance 
in the case of the cyanine dye, sensitol red The lethal effect which 
it displays against staphylococcus is 2000 times that which it ex- 
hibits agamst the colon bacillus in peptone water I am, however, 
not aware of any experiments which have been performed with this 
substance m infected animals 

In the quahty of serum compatibihty we have presented to us 
in its simplest form the idea that a substance must display a greater 
affinity for the microorganism than for the tissues of the mfected 
animal m order to be germicidaUy efficacious But few substances 
have been found which retain their full activity m the presence of 
serum A few favorable instances have been observed among the 
quaternary salts of hexamethylenetetramme which were prepared 
from certam chloracetyl-ammo compounds (4) A number of these 
exhibit a bactericidal effect in serum and protem solution which is 
very little less than that found in salt solutions, but their application 
to internal dismfection was without result Optoclun maintains 
toward the pneumococcus a high degree of bactericidal efficacy m 
serum The low concentration of 1:20,000 m serum and even that 
of 1 '8000 m oxalated blood have proved sufficient to kill this micro- 
orgamsm in two hours and m much higher dilutions it exhibits a 
defimte growth restrammg influence (6) However, this is consider- 
ably less than what is observed m ordmary salt solution since m 
tlie latter medium a dilution of 1:500,000 or more is aU that is re- 
quired Much more favorable relationships have been observed m 
the case of the acndine compoimds Brownmg and Ins co-workers 
(7) have found that diammoacndme and its methchlonde, or pro- 
flavine and flavine respectively, actually exert a more potent action 
on the staphylococcus and colon bacillus m serum than in ordmary 
saline This verj’- unique quality and the unusually potent bac- 
tericidal properties of these substances led to their application m 
the local treatment of wound infections 
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Still more difficult than to find substances which will resist the 
diverting influence of serum constituents is to find antiseptics which 
will maintain a high bactcnadal effect in blood Felton (8) made 
a number of observations m regard to this pomt, and but few in- 
stances of substances which retam a high order of antiseptic potency 
in this medium were observed Mention may be made of malachite 
green and a few of its derivatives and especially the flavines and 
certam dyes of the rosmdulme group The observed values were, 
however, lower than those shown in ordmary salme 
There are stiU other properties which may be considered among 
the desiderata for the ideal internal disinfectant One of these is 
speed of bacteriadal action It has been very difficult mdeed to 
find substances which act rapidly under the conditions which obtam 
in the arculation In order to kill the pneumococcus m fifteen 
mmutes, optochm must be used m a concentration of 1 1000 m 
whole blood Even flavine m the same concentration fails to sterilize 
m one hour although m two hours it may act m a dilution of 1 32,000 
Taken alone speed of action may not be essential especially if a 
substance can be maintamed suffiaently long m the circulation to 
develop slowly its action or to evercise merely a growtli restrammg 
or bacteriostatic effect But here agam we must postulate other 
conditions m order to obtam such a result Repeated observations 
with optochm m animals and m man have shown that it is possible 
to render the blood antiseptic for pneumococcus but the observations 
of Moore and Chesney (9) have shown that this may be compheated 
by the development of fastness Browning and Gulbransen (10) 
have demonstrated that the blood of rabbits may display a degree 
of mhibiting action for staphylococcus and the colon baallus for 
several hours after the admmistration of diammoaendme but this 
alone was apparently inadequate 

In tlie control of certam mfcctious processes the difficult require- 
ments of proper distribution and tissue penetrability of the anti- 
septic must be taken mto consideration Lewis(ll)in experimental 
studies on the dicmotlicrapy of mfcclions produced by the tuberdc 
baallus has stressed the importance of combmmg m a substance a 
degree of germiadal action with specific Ussue penetrating power 

Tmallj, there is another group of requirements which must be 



170 


WALTER A JACOBS 


discussed in connection with the in vivo operation of bactericidal 
substances. Not only must a substance be of sufficiently low general 
toxicity but it must prove comparatively harmless to the general 
powers of resistance and to the normal protective mechanism of 
the infected animal In this connection we may have to deal with 
quite an extensive and perhaps less tangible group of factors which 
can be mcorporated into systematic study only with the greatest 
difficulty It may be just at this point that the real problem lies 
and we shall have occasion to refer to this question later 

In this connection, observations have been made to determine the 
effect on phagoc 3 d;osis which might be exhibited by bactencidal 
substances The experiments of Felton (8) have recently shown that 
not a few highly bactericidal dyes and cmchona denvatives markedly 
reduce the phagocytic index in dilutions in which they might exhibit 
a bactericidal effect in blood Exceptions in this regard may perhaps 
be the flavines which, according to Browning (7), are not appreaably 
injurious m dilutions above 1:500 

But if we consider m retrospect aU of the conditions which may 
separate the observed in vitro properties of an antiseptic from its 
successful operation in an infected animal, it is apparent that we 
have presented a very difficult case for the idea that the control 
of bacterial infections may be approached from the standpoint of 
internal disinfection This has certamly been very generally borne 
out in attempts to apply such substances in actual infections It 
wall be shown later that even m the more successful apphcation of 
compounds to the control of protozoan infections, there have ap- 
peared repeated discrepanaes between the action of substances on 
the parasite in the test tube and m the animal It would seem, 
therefore, that for the tune at least, we are thrown back on the em- 
pirical testmg of substances in the infected animal as the only safe 
procedure 

The first striking instance of the successful application of a chemical 
to the treatment of a bacterial infection in the laboratory animal we 
owe to the observations of Morgenroth and his co-workers Previous 
studies of Neufeld and others (12) had shown a certain biological 
similarity between trypanosomes, spiriUa and the pneumococcus m 
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the susceptibility of their envelopes to the dissolving action of bile 
salts WTule engaged in a study of the effect of qumme derivatives 
in experimental tiyqianosome mfections in small animals, Morgen- 
roth and HalbcrsUdter (13) were able to demonstrate a certam 
curative effect of these substances Then partly because of the 
possible biological similanty between the pneumococcus and the 
trypanosome and because of certain dmical observations on the 
applicability of qumme in the treatment of pneumonia, he was 
induced to make similar studies m experimental mfections with 
the pneumococcus Morgenroth and Levy (14) found that a pneu- 
mococcus septicemia mduced m mice was but little affected by 
mjections of qumme On passing to hydroqumme which differs 
from It by but two hydrogen atoms a more definite mfluence was 
to be seen m dela)ang the death of the animals 
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An optimal effect, however, greatly exceedmg that of the former 
was furnished by ethylhydrocupreme, or optochm, in uhidi the 
mcthoxvl group of hydroqumme has been changed to cthox>l It 
uas found possible to save a good percentage of the mfected animals 
b> repeated injections, particularly of a solution of tlie drug m od 
Unfortunately, tlie clmicai application of the drug has been limited 
by its untoward toxic properties, especially the tendencj to produce 
amblyopia Moore and Chesnej (9), from extensive observations 
on patients suffering from acute lobar pneumonia, haxcconduded 
that the use of optochm in the treatment of this condition caimot 
be recommended smee it is impossible to administer a sufficient 
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amount to produce an effective concentration m the blood stream 
without exposmg the patient to the danger of toxic effects Durmg 
the use of the necessarily subeffective doses the pneumococci were 
observed even to become fast to the drug 

It would appear that Morgenroth m his first experiments was 
unaware of the potent germicidal action of this substance on the 
pneumococcus so that a knowledge of this property played no part 
in its initial chemotherapeutic apphcation We owe to Wright (15) 
the recogmtion of this quality as well as that of the fact that optochm 
kiUs the pneumococcus m high dilution in the presence of serum 
The confirmation of these observations led Morgenroth (16) to 
attribute the curative action of optochm m the animal to its direct 
bactencidal effect and m his later studies he used the test tube as 
a guide This later work developed the mterestmg influence which 
the chemical structuie of the cmchona alkaloids exhibited on their 
specific antiseptic action 

On passing from quinme, through hydroqumme to optochm, a 
sudden jump m the action upon the pneumococcus occurs only to 
fall agam on passmg higher up the senes of alkyl compounds How- 
ever, with the stage of the isoamyl ether a bactericidal effectiveness 
towards streptococcus and staphylococcus becomes evident wluch 
IS augmented on passmg to the heptyl and isooctyl compounds and 
then drops agam These observations while mterestmg m them- 
selves had to do rather with external disinfection and proved m- 
apphcable to the treatment of systemic mfections 

It would seem that the powerful bactencidal properties of op- 
tochm lends support to the belief that its curative effect m nuce is 
a result of its direct bactericidal action But certain observations 
of Neufeld and Engwer (17) and later of Moore (18) have suggested 
the interposition of the host m the process Moore found that a 
smgle small dose of optochm in oil which m itself was quite mef- 
fective in the treatment of an experimental pneumococcus septicemia 
m the mouse, when combmed m the treatment mth an amoimt of 
homologous antipneumococcus serum which was also far under the 
effective dose, was capable of mcreasmg the threshhold value of 
this serum at least fifty times This result mdicates that the com- 
bined action of the two therapeutic agents was many times that 
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of a simple summation of their protective effects IVhether a similar 
synergism or rather fortification occurs between the drug and certain 
undetermmed protective factors when the drug is used alone in a 
so-called curative dose has not been defimtely ascertamed but Moore’s 
observations rvould seem to weaken somewhat the view tliat the 
bacteriadal effect is the only factor 

Takmg all that we have considered with reference to optochin 
and Its near relatives as well as the ancient reputation which qumme 
has always had, we cannot escape the enticmg suggestion that per- 
haps there is somethmg inherent m the molecule of these alkaloids 
which, like the elements As and Hg, has conferred upon them certam 
potentiahtics as speafic etiological remedies and that this property 
might be turned to nider usefulness if we could only find the nay 
A number of years ago Jacobs, Heidelberger, WoUstem and Felton 
turned their attention to this problem in the hope of findmg new 
therapeutic agents for the treatment of mfections produced by the 
pneumococcus 

The first problem was purely cliemical We have already seen 
nhat a pronounced change in biological properties has follov\ed but 
slight chemical alterations m the qumme molecule Would it be 
possible to find otlier means of altermg the cmchona molecule m a 
systematic manner but in a way to mamtam its general mtegnty 
and perhaps permit one to follow the influence of chemical modifica- 
tion on biological action? The naturally occurrmg members of the 
group as ne have seen had been tlioroughly studied and also their 
hydro denvatiics and tlic homologous etlicrs of hydroqumine as 
veil A successful solution of tlic chemical problem was found by 
making use of tlie fact that tliesc alkaloids as tertiary bases react 
ivith alkyllialidcs to form quaternary salts ( 19 ) 
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HydroTyazo dyes of hydrocupreme 

In one direction in particular, by the use of chloroacetyl amino 
compounds as alkylhabdes it was possible to develop if necessar}’’ a 
practically unlimited number of new derivatives and, in a way, to 
leave the original alkaloid molecule mtact Many substances were 
prepared mto which a thorough selection of the usual orgamc groups 
had been introduced Then again a similar opportunity was offered 
m the preparation of a series of hydroxyazo dyes from hydrocupreme 
(20), the phenohc compound ob tamed by demethylating hydroqumine 
By couplmg hydrocupreme with the diazommn salt of any aromatic 
amino compound it was possible to make a logical series of substances 
in which any chemical change could be featured at will Still other 
senes (21) of a similar character were prepared so that in a way it 
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Blight be said that the opportunity of testing the influence of chemical 
changes on the action of these alkaloids had been fairly completely 
presented While realizmg from all that was said before tliat the 
measure of bactericidal power was of doubtful importance, neverthe- 
less, such studies were made because of their possible statistical value 
and smce no other cnterion short of the animal test was available 
Within the groups of quaternary salts and azo dyes numerous instances 
of marked bactericidal power for the pneumococcus were noted and in 
several cases were found to equal even that of optochm However, 
m the majonty of mstances, this activity was found to be greatly 
diminished m the presence of serum Only the results obtamed m the 
use of these substances m the experimental pneumococcus mfection 
will be summarized here Such tests made on substances, irrespective 
of bactericidal potency, showed a few which seemed to exhibit a small 
measure of therapeutic effect The quaternary salts of hydroqumme 
with chloracetyl-i>-amino phenol and chloroacetyl-/>-anisidmc in par- 
ticular if given not too long after inoculation of the imce or if not in 
too large amounts often, though irregularly, cured the animals An 
mterestmg and not infrequent observation which was made with these 
and similar substances was the effect of doses above a certam 
threshold even though much under the lethal dose In such cases, 
instead of the apparent cure observed with small doses, an actual 
acceleration of the disease was noted An explanation of this cunous 
paradox is perhaps not difficult to find and may lie m the possibihty 
that amounts of drug which are not frankly toxic ma> be suffiaent to 
mjure tlie ammals natural powers of resistance m such a way as to 
make it more susceptible to the infection 
In this connection we have made also a survey of the various groups 
of organic djes m regard to their curative effect on pneumococcus 
mfections in laboratory animals but with similar unpromismg results 
E\ en flavme w ith its high bactericidal power m blood and serum for 
the pneumococcus gave but the slightest mdications of influencmg tlie 
infection Obscnations made with quite a variety of other classes 
of substances were of a similar negative character 
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Summary 

WHle the experience of workers has brought to light notafewgroups 
of bactericidal compounds, very few individual substances have dis- 
played even a trace of specific therapeutic actmty These few sub- 
stances have proved to be unique within the groups to which they 
belong since closely related compounds, or those differing from the 
active substances by relatively insignificant chemical modifications 
have proved to be quite useless In regard to the general outlook for 
the chemotherapy of bacterial infections it may be said that at 
present the data available seem quite barren of suggestions But I 
do not vdsh to imitate here quite the gloomy view which was quoted 
at the beginning of this paper The mere instance of optochm and 
of the therapeutic value of chahnoogra oil and the more recently used 
esters of chalmoogric and hydnocarpic acids obtained from this oil 
in the treatment of leprosy are indications that the control of bacterial 
infections by drugs is by no means impossible of achievement The 
real difficulty lies m the necessarily opportumstic experimental method 
and the lack of a rational scientific means of approach The problem 
is essentially a search for a substance of unknown nature but which 
must yet perform a service by a mechanism of which we are equally 
uncertam It may be possible to inquire successfully into what 
biological properties such a substance must possess, or under what 
biological conditions it will have to operate, but such information will 
not point to the substance itself In the case of bacterial infections, 
experience has presented us with too few points of contact between 
our knowledge of chemical structure and whatever biological properties 
may be required in the exhibition of a therapeutic effect to present a 
rational basis for the search for curative substances Perhaps the 
real solution of the problem may be ultimately found by gaming an 
msight into the chemical nature and mode of operation of the sub- 
stances which are normally elaborated by the organism in its fight 
against infection 

CHEMOTHERAPY OP PROTOZOAN ENPECTIONS 

In the application of chemical agents to the treatment of protozoan 
diseases we are confronted by a far more encouragmg state of affairs 
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We have already alluded to the traditional virtue of quinine and 
mercury and that these were purely empmcal acqmsitions However, 
with the recogmtion of the etiological factors of the diseases wluch 
these substances influenced, the r61e which they occupied as real 
curative agents was likewise recognized Dunng the past twenty 
years considerably more has been added to our chemical equipment 
m the treatment of this group of diseases as a result of the apphcation 
of laboratory methods of both chemistry and biology In the present 
paper I can, however, touch upon only certam phases of this develop- 
ment The appearance m 1902 of the classical expenments of 
Laveran and Mesml (22) was the begmnmg By the use of sodium 
arsemte these workers succeeded m temporarily clearmg the blood of 
mice infected with the parasite responsible for the disease of cattle 
called “Nagana ” Then there followed withm a few years a succession 
of observations m which substances belongmg to a number of different 
groups were found to possess a similar efhcacy m expenmental infec- 
tions produced by the same or sunilar anunal parasites These sub- 
stances fall naturally into several groups which it will serve our 
purpose best to treat separately Soon after the observations of 
Laveran and Mesml, Ehrlich and Shiga (23) demonstrated that mice 
infected with Trypanosoma equmum could be permanently cured by 
a smgle mjcction of trypan red, a tetrazo dye prepared by couplmg 
tetrazotized benzidmesulfomc acid with a naphthylammedisulfonic 
acid This is noteworthy as the first instance of the cure of an 
cxperuncntal trypanosome infection witli a smgle dose of a syntlietic 
chemical However, the value of the substance itself seems to have 
been hmited, smee it failed to exert a similar therapeutic effect m other 
ammals or with other types of trypanosomes 
We meet here for the first time a peculiar paradox which was 
destmed to appear repeatedly m later work Although trypan red 
proved to be active tn Jivo, it was mactive m the test tube At tlie 
time, these workers noted the stammg of the tissues of the anunal by 
the dye after mjcction They considered that its action w as possibly 
due to tlic persistent effect of small amounts of the drug or of some 
acUv e alteration product of it upon the parasites The producUon of 
an acti\c immunity m die animal b> the rapid destrucUon of the 
parasites b> the drug was considered also as a contnbulmg factor 
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Observations of a similar character with other dyes became the basis 
for much subsequent discussion and inquiry as to the mechanism 
involved m the successful removal of trypanosome infections by such 
substances. In these discussions, which I cannot present at length, 
attempts were made to explain this paradoxical action also by the 
assumption of a direct injury produced by the dye on the trypanosomes 
of a character which did not affect their motility but prevented their 
multiphcation The suggestion that a chemical alteration of these 
substances in the body to a more active form, while not so obviously 
applicable to this class of substances, has been more successfully 
applied, as we shah, see, in explaining the action of arsenic compounds 
Subsequently, NicoUe and Mesnil (24) found from the study of a large 
number of similar substances a benzidine dye, trypan blue, which 
proved still more efficacious in that it cured mice infected with the 
more resistant trypanosomes of Nagana and Surra Dyes of all 
kinds were then invesbgated and, in succession, members of the 
triphenylmethane group and a number of orthoqmnoid dyes such as 
the pyronines, oxazmes, thiazines and acndines were successfully 
brought into the field of investigation. But the practical apphcation 
of the dyes, it would seem, has been on the whole rather restricted. 
The discovery of the therapeutic properties of the individual members 
of the different groups appears to have been for the most part the 
outcome of a rather opportunistic selection of substances There 
have been attempts to correlate the therapeutic properties of some of 
them to their chemical constitution and to their selective staining 
property for the parasite But on the surface at least, it would seem 
that but few facts have emerged which could be apphed to a systematic 
attempt at the further chemical development of the dyes, or in 
explanation of whatever degree of therapeutic value they may have 
shown. 

An exception to this, perhaps, is the rather striking property which 
was found by Ehrhch and his associates to accompany the presence 
of the orthoquinoid structure of certain dyes These dyes quickly 
produced tolerant or fast strains of trypanosomes which were also 
quite fast to arsenic Paraquinoid dyes did not show this effect 
Again NicoUe and Mesnil (24) in a thorough survey of the tetrazo- 
benzidine dye group concluded that, in order to develop therapeutic 
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qualities, the coupler used must be a naphthalene denvative contaii 
at least one ammo group and two sulfonic acid groups It wil 
seen m chart 1 that this condition is satisfied by both trypan red 
trypan blue 

And It IS possible that this may have been made the starting p 
for the preparation of a substance known as Bayer-205, which 
recently come to offer considerable promise The exact nature of 
substance has been carefully withheld but there is a suspicion th; 
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Ba>CT 205 (?) 

CiiAKi 1 Possible RELATiONsnir or Bai-ek 205 to Trvpau Red and Tevpan I 


belongs to a group of compounds which the Bayer Company pate 
some time ago The formulae which suggest the possible Tclation 
of this substance to trypan red and trypan blue, (25) are show 
chart 1 * 

Preliminary observations of Handel and Joclten (26) and hlaj er 
Zeiss (27) have shown that this substance possesses rcniarl 
curatii e properties m experimental trypanosomiasis In small tl 
nhich -nere often far below the toxic dose for the particular am 
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the drug was found to cure the ordinary laboratory animals which had 
been infected with different strains of trj^anosomes Here again 
we find the curious circumstance that the substance itself displayed 
no marked action on the trypanosomes tn vitro and microscopic studies 
seemed to suggest that the drug may act by preventing multiplication 
of the parasites Later, therapeutic experiments on dourine in horses 
pomted to its usefulness as a prophylactic and curative agent but 
more important was its apphcation to human trypanosomiasis 
We shall return to a discussion of this in another connection Al- 
though we can only infer the probable nature of this remedy, it would 
seem that an advance has been made by applying chemical knowledge 
to the problem of varying a group of substances which had already 
given indications of therapeutic value Thus, the dyes from which 
this substance has emerged have come to share again, for the time 
at least, a prominence which was taken from them very early in 
chemotherapeutic studies by the advance in the application of arsenic 
compounds 

If we turn now to the arsenic group we find that the organic arsen- 
icals have proved a most profitable direction for the experimental 
studies which led to the findmg of synthetic specific remedies 
This is attributable in part to the fact that we are dealing with sub- 
stances in which the therapeutic quality is apparently inherent m the 
arsemc itself irrespective of the actual form or by what mechanism 
its action may come mto play This has made chemical reasoning 
simpler in attempting to refer biological action to chemical constitu- 
tion, for it is far more difiScult to interpret what should be the point 
of reference when a large organic molecule is considered with regard 
to any inherent biological activity. 

The impetus to investigation in this direction came with the report 
of Thomas (28) that a proprietary arsemc preparation called atoxyl 
displayed a definite therapeutic effect in animals infected with different 
strains of trypanosomes The rapid confirmation of this observation 
soon led to its emplojonent in Afncan sleeping sickness and it has 
proved helpful in the treatment of the early stages of this disease 

But a step of the most far-reaching importance was Ehrhch’s 
(29) brilhant recognition of the true nature of atoxyl as the sodium 
salt of ^-aminophenylarsomc acid or arsamhc acid In analogy with 
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sulfanilic acid, it is formed by the fusion of amlinc with arsenic aad 
In its essentials, the chemistry of organic arsenic compounds had been 
pretty thoroughly studied by Michaelis and his co-workers but the 
methods at the disposal of these chemists were, in a sense, limited 
The discovery that arsenic could be introduced into the molecule by 
durect arsenation opened to Ehrlich and his assoaates a means for a 
most thorough development of the chemistry of this group of sub- 
stances The immediate suggestion which the structure of p-amino- 
phenylarsonic acid presented was detoxification by acetylation of the 
amino group But the resultmg product arsacetin, though possessed 
of a degree of therapeutic power, was soon dropped because in its 
clmical application, hke atoxyl, it not infrequently produced bbndness 
and other toxic manifestations Here again the pecuhar paradox 
appears that the pentavalent compounds are witliout appreciable 
action on the trypanosomes tn vitro But Ehrlich’s (30) fertile 
unagmation soon found a possible solution for this discrepancy The 
fact was noted that mdividual ammals treated with certam penta- 
valent compounds would show a varymg tolerance for tlie drug and 
those which exhibited the lower tolerance could be cured by smaller 
doses This observation was coupled with the well known ability of 
the tissues to exliibit a reducing action and with the fact that certam 
trivalcnt forms of arseme are far more toxic than the pentavalent 
forms Ehrlich concluded tliat the pentavalent arsemcals are reduced 
by the tissues and unfold their actixuty in the trivalent form This 
view was supported by the direct companson of the relative toxiabes 
of the 3 stages of oxidation of arsanilic acid, p-amino-phenylarsmoxide, 
IS 75 times more toxic for the mouse than arsanilic acid, while the 
arseno compound is 30 tmics more toxic Similar toxicity relation- 
ships have been repeatedly observed 
But more important still is the contrast in the trypanoadal effect 
of the oxide and the arsonic aad tn vitro In a dilution of 1 100,000 
tlie former kills the microorganisms immediately, whereas atox>l 
fails to act even in a 5 per cent solution In some cases the arseno- 
compounds have shown a similar potent action in the test tube but 
tins has not alwnjs appeared Mention maj be made of observations 
of tlie failure of salvarsan to act directly upon the relapsing fever 
orgamsm (31) or on tlic Treponema pallidum in the test tube although 



182 


WALTER A JACOBS 


the organisms thus treated are observed to lose appreciably m viru- 
lence as shown by subsequent mjection into annuals 

Ehrlich and Roehl (32) placed particular emphasis on the oxide 
stage which may be formed either by reduction of the pentavalent 
compound or by oxidation of the arseno derivative, as the form m 
which the biological mamfestations eventually appear. It is perhaps 
important to mention this point since recent statements have appeared 
which seem to overlook this fact. 

The conception of the biological potency of trivalent arsenic was at 
once apphed to further synthetic attempts to find new curative agents 
in the arsenic group The great toxicity of the arsenoxides however 
and the possibilities which the arseno compounds came to afford was 
the reason for the main interest which seemed to attach to the latter 
group. This work culminated in the brilliant discovery of the value 
of salvarsan and its derivatives in the treatment of certain spirochaetal 
diseases 

In his theoretical considerations to explain the action of chemo- 
therapeutic agents, Ehrlich assumed a direct action of the substance, 
or its alteration product, on the parasite He conceived of this action 
as bemg brought about by the avidity of certain groups or chemo- 
ceptors in the cell of the parasite for certam groups contained in the 
chemical By assuming these discrete affinities withm the cell the 
attempt was made to give more visible expression to certain phe- 
nomena which were observed in the reaction of imcroorgamsms to 
chermcals contaimng certain groups in the molecule But on the 
whole workers no longer agree that such precise definition can be 
given to the relationship between chemical constitution and thera- 
peutic action 

The efficacy of salvarsan was attributed in part to its orthamino- 
phenol group which was supposed to direct the drug at the parasite m 
a way to permit the lethal action of the arsenic to develop The 
analogy was drawn with trjTpan blue wffiich likewise possesses an 
amino and hydroxyl group in positions orfho to one another But 
there are many cases where such analogies do not hold It is said, 
for mstance,that the isomers of salvarsan containing this configuration 
are all much less active than salvarsan itself Again particular stress 
has been laid on the dystherapeutic effect of the methyl group but 
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numerous instances have arisen in which substances containing the 
methyl group have actually exceeded m effectiveness the unmethyl- 
ated compound In this respect trypaflavine is mote efficacious as a 
trypanocido than tlie unmeihylated proflavine Qmmne which is 
methyloxycinchonidine is much more efficient in malaria than cin- 
chomdine or Uie phenol, cupreine 

The sulfuric group is still another well known example In many 
combinations it may destroy therapeutic properties Morphine or 
qumine when converted into the sulfuric esters although again easily 
recoverable by saponification, are physiologically practically inert 
On the other hand several sulfuric acid radicals are contained in the 
molecule of trypan red, trypan blue and probably Bayer-205 The 
conclusion is forced therefore that we may attribute onl> the bare 
possibility of certain effects to certain groups in the molecule and in 
any event, the molecule as a whole certainlj must be considered 

But the striking changes in biological properties that often follow 
very nunute changes in structure and the occasional appearance of 
regularity of biological response to such changes have always been a 
fascination and a source of temptation to the worker to try to utilize 
such general tendencies in the synthesis of drugs 

Several years ago, a group. Brown and Pearce, m collaboration with 
Jacobs and Heidelberger, at tlie Rockefeller Institute, investigated a 
phase of this question In this work the attempt was made to 
obtain some information from a systematic biological study of the 
toxic and therapeutic properties of certain types of arsenic compounds 
which might be applied to the finding of new remedies This work 
which at first embraced a study of tlie treatment of expenniental 
tiy-panosomiasis was later extended to include Uiat of the experi- 
mental infections produced by tlie relapsing fever organism and 
of experimental sjphilis in the rabbit 

We have already described the emphasis which has been placed on 
tnvalent arsemcals Since tlie biological actixity was an exhibition 
of a propertj of some form of trivalent arsenic, it was undoubtedly a 
logical step if considered alone, to use this group of compounds directly 
But we may regard this question from anotlier angle There seems 
fair cxidcnce at hand that the greater tolerance for pentavalent 
arsemcals as a group is not alone a funcUon of their greater biological 
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inertness as compared with the tnvalent compounds but also to the 
speed with which the greater portion is excreted before the reducing 
action of the tissues can manifest itself This is but a manifestation 
of the fact that the arsonic acids which form neutral salts possess a 
relatively greater portability m the blood stream and body fluids than 
the tnvalent forms, as weU as a greater penetrability and may readily 
and quickly diffuse through the tissues The arsenoxides possess this 
to a much less degree and because of their degree of unsaturation are 
chemically very reactive and while perhaps initially portable, readily 
become bound by and denaturize such functional or tissue elements 
as may be determined by the general character of their molecule before 
the same degree of distribution can be achieved This rapid fixation 
finds expression m the rapid exhibition of potent toxic manifestations 
The arseno compoimds as a group possess double the molecular 
weight and although perhaps also quite reactive, are the least readily 
transported and the least diffusible of all When there is no special 
acid salt forminggroup, substances of this class may be held in solution 
for a short time only, aided perhaps by the protective serum colloids, 
but may be readily deposited as such along the route before complete 
distribution is possible and then more slowly unfold their toxic effects 
through oxidation to the oxides If we were dealing with an infection 
which is confined to the blood stream alone it would seem therefore 
admissible to place rehance upon the direct quick action of the tri- 
valent compounds and the simple formula of the ratio of parasitotropic 
to organotropic properties of a substance But when the more usual 
tissue infection is to be influenced the question of distribution and 
diffusibihty becomes a very important factor to consider It is quite 
conceivable that certain advantages in this regard may result from the 
use of the pentavalent form which may compensate for what it may 
seem to lose in immediate direct parasiticidal properties By more 
complete distribution and tissue penetration it might be possible to 
reach locahties which may harbor such residues of an infection as may 
again become generally active In such localities the reducing action 
of the tissues may supply a small but sufficient amount of thera- 
peutically active material 

In spite of Ehrlich’s somewhat orthodox adherence to the trivalent 
idea we can see evidence of his occasional return to the pentavalent 
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compounds In his Schlussbetractungen (31), the possibility is 
pointed out of the applicability of hydroxy aminophenylarsonic aad, 
tlie pentavalent stage of salvarsan, for local therapy where the arseno 
compound circulating in the blood cannot reach the affected tissues 
in sufficient amount, as, for instance, in local eye involvement 
Hata’s (31) experiments showed several pentavalent compounds to 
exhibit a good ratio of curative to toxic action but we obtain the 
impression that these workers were perhaps prejudiced against the 
group because of a neurotropic tendency which a number of these sub- 
stances displayed This exhibited itself in the development of in 
coordination in the so-called “dancing-mice ” 

Considerations of a practical character have ansen in connection 
with the arseno compounds caused by certain inherent difficulties 
which are assoaated with their chemical and physical properties 
They arc unsaturated, highly reactive substances Slight modifica- 
tions in the method or conditions of preparation may have a great 
influence on their general toxic and also therapeutic behavior It 
IS not possible to obviate this readily by the subsequent use of the 
ordinary methods of punfication such as recrystallization but very 
careful control of preparative conditions is reqmred which can be only 
cmpmcally ascertained It has been necessary, therefore, to maintain 
a constant biological control of those substances of the group which 
are clinically employed Further, the development of tins class of 
substances is in a sense limited because tlic arseno compounds depend 
for solubility on the presence of salt forming groups The pentavalent 
compounds possess much more favorable chemical and physical 
properties The arsonic acids as a class are perfectly stable, ciystal- 
hne compounds which can be readily piuiGed They form stable 
salts and therefore do not require the presence of other salt forming 
groups for solubility 

It appeared to us, therefore, that the development of pentaxalent 
compounds was certainly worthy of further trial In the selecUon of 
the chemical material for our studies such groups of substances were 
chosen which would combine a sufficient degree of acccssibllitj wnth 
the opportunitj, for ample and logical chemical development in such 
direction as tlie biological results might indicate From this material 
It was hoped to accumulate statistical data regarding the influence of 
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chemical constitution on biological action which could be utilized in 
further work An idea of the chemistry (33) of these groups of sub- 
stances IS best obtained by reference to chart 2 The studies were 
not alone confined to the pentavalent group but, m certain instances 
where the presence of a solubilizing group would permit, reduction to 
the trivalent stage was tried to test the value of such a chemical 
transformation 
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Over 230 substances were prepared. Their action as regards toxi- 
city and therapeutic properties upon one or more laboratory animals 
infected with the different animal parasites was studied The obser- 
vations were too extensive to attempt to do more here than very 
briefly and superficially summarize the results Substances were 



CHEilOTHERAPY OF PROTOZOAN AND BACTERIAI. INFECTIONS 187 


obtained which varied all the way from those possessing a very high 
toxiaty to those which were easily tolerated and at the same time 
exhibited varying degrees of therapeutic power But the obserra- 
tions with these substances brought out the fact that m tlie biological 
measure of each compound so many different factors had to be con- 
sidered that It became extremely difficult to find any sharp regularities 
with regard to the influence of structure on action But in some cases, 
It rvas possible to note a few very general tendencies which were 
utihzed to advantage in the work 

The most important group and that which was most fully studied 
was that of the amide and substituted amides of phenylglycme-i>- 
arsonic acid (33) This type of compound was chosen partly for the 
reason that the glyaneamide, NHCHjCONH*, group not only offered 
an excellent chance to add practically any chemical group to the 
molecule which was desired, but because the glycineamide group 
Itself IS a normal constituent of proteins and should be inherently 
compatible These substances were in general prepared by the inter- 
action of the amino group m arsanilic acid or analogues with 
chloroacetyl denvatives of amines m which members of both the 
aliphatic and aromatic senes were given ample representation 
Changes in both therapeutic and toxic effects were observed in response 
to chemical alterations in the molecule often of a decided character 
which depended not only upon the ammal but also the type of infecting 
organism Only in certain instances nas it possible to folloiv any 
general tendencies To begin wiUi the parent substances, phenyl- 
glycine-/i-arsonic aad, ive have met a near relative before in the form 
of arsenophenylglycmc, which is obtained from the arsonic acid by 
reduction Contrary, however, to the potent therapeutic effects 
exhibited by arsenophcnylglyane in expenmental trypanosomiasis, 
the pentavalent form while it can be tolerated by laboratory animals 
in large amounts is practically devoid of tlierapcutic effect In Uus 
senes as far as it was earned the carboxyl group, while acting fairly 
constantly as a detoxifying influence, was found to possess a dysthcra- 
pculic effect This was at \anancc with instances noted m other 
groups of compounds and like all such irregularities, which have made 
prediction impossible, there is no explanation at hand In general. 
It has become evident that the tendencies which are observed in tlie 
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apparent influence of constitution on biological action are confined 
pretty narrowly to substances which are built on the same general 
plan. 

On passmg to the amide or ureides of the compounds containing 
these carboxyl groups, no matter where they were situated in the 
molecule, there was in general an appearance of therapeutic effect in 
spite of a tendency to increased toxicity This therapeutic effect of 
course varied greatly with the particular compound, the animal and 
the infection used A number of substances of the series from the 
biological standpomt proved to be of outstanding interest. In an 
extensive series of biological tests, Brown and Pearce (34) definitely 
established that one of these in particular possesses unusually favorable 
biological properties This substance, the sodium salt of phenyl- 
glydneamide-^-arsonic acid, or tryparsamide as it has since been 
named, has now come to be of definite practical therapeutic 
importance 

-r 

As — ONa 
^OH 

\y 

NHCHjCONH, 

Tiypaisanude 

Tiyparsamide is a white, crystalline, stable substance which is 
extremely soluble in water with the formation of a practically neutral 
solution and is very easily prepared by the interaction of sodium 
arsanilate and chloroacetamide. The biological properties of this 
substance, are summarized by Pearce (35) as follows* 

Toxicological expenments demonstrated that the reaction of different 
species of laboratory animals to the drug was of a favorable character The 
substance lends itself weU to almost any method of admimstration and can 
be given to ammals in large doses and the toxic effects were confined to doses 
relatively close to the m i n imum lethal dose The recovery of ammals from 
sublethal intoxication was remarkably rapid and complete, thus making 
possible the repetition of large doses at comparatively short intervals of 
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time The therapeutic acUVity ol the drug m experimental trypanosomiasis 
was particularly evidenced by the relative speed and sharpness of action 
in the acute blood infections of mice and rats and by the potency and dura- 
tion of action in the subacute and chronic tissue infections of guinea 
pigs and rabbits The accomphshraent of a permanent cure was obtained 
in the expenmental infections produced by S strams of pathogenic trj’- 
panosomes Tr brucei, Tr gambiense, Tr evansi, Tr equiperdum and Tr 
equinum Comparative experiments in laboratory ammals with drugs 
which had been previously used such as atoxyl, arsacetin, arsenophenvl- 
glyane, and the salvarsan derivatives all of which had been prenously used 
in the treatment of human tij^ianosomiasis showed that tiyparsamide 
was in many respects superior 

In her clinical observations (35) made m the Belgian Congo several 
years ago, Pearce was able to substantiate the favorable indications 
which the experimental results with tryparsamide had given It was 
shown that the drug is well tolerated and gives nse to no untoward 
symptoms except an occasional tendency, follownng too intensive a 
use of the drug, to produce visual disturbance in certam advanced 
cases This, however, was usually transitory The therapeutic 
results obtained in the prclimmary use of the drug m 77 cases of sleep- 
ing sickness produced by Trypanosoma gambiense were very en- 
couragmg More recently Chesterman (36) in the Belgian Congo has 
definitely confirmed Pearce's general observations From observa- 
tions on the intravenous use of the drug he concludes that 
the maximum tolerated dose (which he believes should not 
exceed 4 grams per week for the full-sized adult) if giv en regu- 
larly for a period of about eight weeks is capable of completely remov- 
ing trypanosomes from and rendering normal, the cell content of the 
cerebrospinal fluid of even the most advanced cases This change is 
accompanied by a very marked clinical improvement which was 
observed to persist for practically a year which was the longest time 
which had dapstd since his last use of the drug Improvement was 
hardly less marked in cases which had resisted previous treatment 
with the drugs such as atoxjl By a careful check on the patient it 
was possible to avoid the danger of any appreciable degree of visual 
disturbance Up to the present, we see no reason to change our 
estimates of the v’alue of the drug 
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Smiilie (37) has recently had the opportunity to extend the studies 
with Tryparsarmde in another direction, to the treatment of mal de 
caderas which has become one of the biggest economic problems of the 
vast Paraguay Valley in South America, smce this disease is causing 
the yearly loss of thousands of horses In a preliminary communica- 
tion he reports that the drug has been found to be definitely efiBcacious 
in the treatment of the early stages of the disease when the blood of the 
horse or mule is swarming with trypanosomes This stage is from all 
practical considerations of the greatest importance to control 

But to return to human trypanosomiasis, it is seen that the two 
main directions which chemical efforts have taken to produce remedies 
for this disease have almost simultaneously yielded results which now 
give a more encouraging outlook with regard to its control, — on the 
one hand Bayer-205, most probably closely related to the benzidine 
dye group, and tryparsarmde, a pentavalent arsenic compound At 
the present time, it is perhaps too early to compare the relative 
efficacy of Bayer-205 and tryparsamide. There have been reports 
already with regard to Bayer-205 which indicate that the drug, 
although of defimte value as a prophylactic or in the early stages of 
the disease, has failed to give results in the more advanced cases 
Tiyparsannde, on the other hand, as Pearce and Chesterman have 
shown, has been the cause of defimte improvement in patients even in 
the more advanced stages of the disease Bayer-205 has been re- 
ported to exhibit a definite toxic behavior from which the patients 
or animals only slowly recover This takes the form occasionally 
of an albuminuria A general tonic effect has characterized the be- 
ha\dor of tryparsamide and perhaps the only imtoward action has been 
the occasional \risual disturbance which has been noted to follow too 
intensive a use of the drug But, as before stated, this is in most 
cases of a temporary character. We shall perhaps have to wait a 
number of years before these drugs wiU have reached their final 
evaluation 

There is a temptation perhaps to speculate with regard to the chance 
that the more successful of the arsenical remedies which have been 
used for the treatment of human trypanosonuasis have been penta- 
valent compounds In the case of tryparsanude, there seems every 
reason to attnbute its efficacy not only to its powerful stimulatmg 
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action on the animal economy and on the animal resistance but to its 
great tissue penetrabihty and to its affinity for the tissues of the 
central nervous system which are involved in the more advanced 
stages of the human disease This property has been demonstrated 
again m the behavior of the drug in certam types of neurosyphilis 
In neurosyphihs there is a distribution of organisms in the central 
nervous system which is m a sense comparable to that which occurs 
in trypanosomiasis This has in the past suggested the possibility 
that perhaps even at the time when the etiological relationship of 
paresis to s3fphihs was merely suspected, drugs which had proven 
efficacious in the treatment of human trypanosomiasis might find a 
usefulness in the treatment of paresis Years ago atovyl, for instance, 
was repeatedly tned m this connection but m all these attempts it 
proved qmte inadequate It was, however, a natural thought to 
consider tryparsamidc m this connection although its trcponemacidal 
properties are not very marked Nevertheless, in experiments in 
rabbits it had been shown to possess a marked action on the experi- 
mental lesions produced by the spirochetes This was evidenced by 
their complete resolution and healing even in the presence of actively 
motile spirochetes which seemed to show little or no tendency to 
cause a recurrence 

Loren?, Loevenhart, Bleckwenn and Hodges (38), m order to test 
the apphcabiUty of tryparsamidc in this connection undertook a senes 
of observations on a group of patients afflicted with paresis They 
have concluded that tryparsanude mjccted intravenously is definitely 
efficacious in the treatment of early paresis and certam other forms of 
neurosyphilis Later observations have essentially confirmed this 
It IS perhaps too early to make a more precise statement with regard 
to the clinical use in all of its phases of tryparsamidc in this disease 
but sufficient is already known to demonstrate that it should have a 
field of usefulness, in certain conditions for which there has been 
heretofore no efficaaous mode of treatment 

Only certain aspects of dicmotherapy have been considered here 
but there are other phases of the progress which has been made m the 
application of chemical agents to the specific treatment of infectious 
diseases which might be reviewed with profit But enough has been 
brought out to show that the results achitv'cd hav e been far m excess 
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of what was needed to justify the initiation of this type of investiga- 
tion. In no sense, however, can any result such as the arsphenammes, 
Bayer-205 or tryparsannde be considered the s ummi t of possible 
attainment and there is every reason to expect the ultimate discovery 
of more powerful agents And as time goes on, new groups of sub- 
stances and an ever widening field for their therapeutic apphcation 
may well be expected There is perhaps no more hopeful direction 
for the continuation of effort But those who engage m such under- 
taking must carry with them a certain measure of opportunism, smce 
in spite of the constantly mcreasing number of positive observations, 
there is still lackmg a general theory as to the chemical and physical 
factors which underly specific therapeutic action In this respect we 
are perhaps less informed than in the case of certam rules which seem 
to govern pharmacodjmamic action But it is, perhaps, in this 
direction that further effort is required We should not alone strive 
for the attainment of practical results, but contmued attempts should 
be made to ascertam all of the theoretical factors which may con- 
tribute to chemotherapeutic action 
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Ultimate fate of dcpancrcatjzed dogs treated by insulin 

As in outcome of the well-known discover)' of 'on ilenng and 
Minkowski (1) (1889) that pancrcitcctom) results m complete diabe- 
tes, it came generally to bo assumed that the pancreas must produce 
an internal secretion, or hormone, haaang the function of controlling 
the metabolism of the carbohydrates in the animal body The 
observations (Diamarc (2), Laguessc (3), etc ) that the peculiar 
islets of cells that had prcviousl) been described b) Langerhans (4) 
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(1869) occur in, or are associated with, the pancreas in all vertebrates, 
coupled with the demonstration by Ssobolew (5) and Schulze (6) 
(1900) that they do not undergo destruction after ligation of the 
ducts or in grafts of the gland — ^in neither of which conditions diabetes 
occurs — ^indicated that this anti-diabetic hormone must be derived 
from the islets The name insuhn was, therefore, suggested for 
it by Sir E Sharpey Schafer (7) (1916). 

Attempts to isolate insulin m extracts of pancreas were at first 
of no avail, although they almost succeeded in 1908. In this year 
Zuelzer (8) prepared from the pancreas of recently fed animals an 
alcoholic extract which on intravenous injection was capable of 
greatly diminishmg, in several animals, the glycosuria resulting from 
inj'ectidhs of epmephrin and (in 1 animal) from pancreatectomy. 
For an hour or so prior to killing the animals, from whose pancreas 
the extract was to be prepared, the veins of the gland were tied so 
as to cause congestion, the object being, apparently, that the hormone 
might accumulate in it The extracts contained considerable amounts 
of protein Zuelzer subsequently administered portions of his 
extract to 8 patients suffering from diabetes melhtus and found that 
the glycosuria was greatly diminished in intensity and that the 
ketone bodies usually disappeared from the urine Several of the 
patients improved in their general condition but as a rule considerable 
degrees of fever temporarily followed the injections. The extract 
was usually given intravenously and it was observed that its effects 
on the glycosuna did not develop until the second or third day follow- 
ing the inj'ection and that they persisted for several days Forsch- 
bach (9) confirmed Zuelzer’s findings on depancreatized dogs but 
considered that the alleviation of the symptoms in diabetic patients 
was due to the febrile reaction which followed the injections, rather 
than to a specific action of an antidiabetic hormone. Further at- 
tempts to use Zuelzer’s extracts in the treatment of diabetes were 
abandoned 

The next attempt to demonstrate the presence of insuhn was 
that of Knowlton and Starling (10) in 1911. The extracts were 
made wuth weak acid, foUovnng the procedure used for preparmg 
secretin, and they wfere tested by obseiAmg their effect on the rate 
of disappearance of sugar from the fluid perfused through the survnving 
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mammalian heart Several of the eiqienments yielded positive 
results, but investigation of the behavior of the gl> cogen m the 
heart induced Starhng (10). later, to consider it possible that a 
mistake in interpretation had been made, and further work with 
pancreatic extracts n as abandoned by him This research is, how ever, 
important because it pomted a new way to the testing of the extracts, 
and in 1916 Clark (11) succeeded in showing that the sugar consump- 
tion by the excised mammalian heart is definitely increased when the 
Locke’s solution with which it is perfused is first of all passed through 
the blood vessels of the pancreas The results of the mvestigation 
demonstrated beyond doubt that this gland produces an internal 
secretion which is capable of influencing the rate at which the heart 
removes sugar from the fluid perfused through it Clark later 
showed that, although no change occurs m the percentage of sugar 
contamed in the Locke’s solution by perfusing it through the pancreas, 
as determined by the ordinary reducUon methods, the sugar does 
become altered in some w ay as rev calcd by examination of the polarizing 
power of the solution It cannot be said, however, that the changes 
observed were of sufficient magnitude to make this certain Besides 
these researches, reference must also be made to tlxose of Rennie 
and Fraser (12) (1907), Gley (13) (1905), E L Scott (14) (1911), 
J R hlurlin and Kramer (15) (1913), I Kleiner (16) (1919) and 
Paulesco (17) (1921) All of these investigators, using various 
methods, both for preparing the extracts and for testing their possible 
antidiabctic properties, were able to secure results which, though 
unconvincing, were, nevertheless, of such a nature as to keep alive 
the hope tliat some day it would be possible to obtain satisfactory 
pancreatic extracts containing insulin Rennie and Fraser took 
advantage of the fact first discovered b> Diamare, and furtlier de- 
veloped by Laguesse and by Rcnme, that the islet tissue in certam 
of the bonj fishes (Tclcoslci) is isolated from Uie main zymogenous 
tissue of the pancreas and exists as relativ elj large glands situated 
in the mesentery, usuall) hear the gall bladder The administration 
of extracts of these “principal islets,” b> mouth, did not definitely 
improve the clinical condition m diabetes, though, m one case, 
subcutaneous injection did appear to reduce the gljcosuria and to 
improve the general condition of the patient This method of 
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administration was not further attempted because toxic symptoms 
followed the injections E L Scott, acting upon Ssobolew’s sug- 
gestion, prepared extracts from the pancreas after attempting to 
cause atrophy of the aanous tissue by h'gation of the ducts, but 
he discontinued the observations because he found that complete 
atrophy of the acinous tissue did not occur He then tned alcoholic 
and acidulated watery extracts of the intact gland, the object m 
all his methods being to circumvent the destructive action of the 
digestive enzymes He found, particularly with acidulated watery 
extracts, that intravenous injection into diabetic dogs reduced the 
glycosuria temporaril}'- and seemed to improve the general condition 
of the ammals A shght rise in body temperature was considered 
by Scott to be a possible factor in accounting foi; the decreased 
glycosuria Murhn and Kramer prepared extracts from the pancreas 
(dogs or cattle) either with aadified Ringer’s solution, or with weak 
alkali They tested the immediate and remote effects following 
subcutaneous injection of the extracts into diabetic dogs and they 
observed the behamor of the respiratory quotient along with the degree 
of glycosuria — and, in some cases, of hyperglycemia — to ascertain 
whether or not an antidiabetic hormone was present Sometimes 
these workers combined the extracts of pancreas with extracts of 
duodenum, thinking that the secretion present in the latter might 
activate the antidiabetic hormone Many of the results show evi- 
dence of the presence of msulin in the extracts, particularly certain 
of those in which the respiratory quotient was examined. Unfor- 
tunately, the observers failed to interpret their results correctly, 
being confused by the possibility that the alkali present in the extracts 
might in itself account for most of the beneficial results Their 
conclusion ‘ ‘after some three year’s intermittent occupation with the 
problem” is “that in the totally depancreatized dog in good condition, 
1 e., not moribund, the alkah alone is almost always without effect 
on the respiratory metabolism . , . With the partially operated 

animal, however, the result is striking and immediate . • We 

have obtained some evidence also, that pancreatic material . • • 

is, when admim'stered with alkali, of distinct benefit to the diabetic 
organism ” 
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In collaboration with Clough, Stokes, Gibbs and Stone, Murhn 
(18) has more recently repeated Clark’s experiments of perfusion 
of the blood vessels of the pancreas, using a variety of perfusates, 
such as neak alkabne, or acid or glucose solutions Considerable 
quantities of insulin tv ere found to pass into the perfusion fluids, 
particularly nlien the latter nere acid m reaction The antidiabetic 
properties were tested by various methods and in one case the life 
of a depancreatized dog nas prolonged to thirty days by injecting 
perfusates m seven doses There is notlung of practical importance 
in the results since it is to be expected that sucli perfusion of a half 
dead gland would lead to the extraction of some of the antidiabetic 
hormone 

Kleiner, continuing work which he had prcnously' done with 
Meltzer, studied the influence of pancreatic extracts on the degree 
and duration of the hyperglycemia which follows injection of glucose 
into depancreatized dogs The extracts were made W'ltli water 
and were unfiltered After being diluted with isotonic sahne tliey 
were administered intravenously at a slow rate Decided reduction 
in the hyperglycemia was demonstrated to occur and it was shown 
by suitable controls that dilution of the blood was not responsible 
for the result 

There could be little doubt as to the existence of insulin in the 
pancreas, the problem — and for practical reasons a most unportant 
one — was to devise means for extracting it in a condition suitable 
for continued administration to diabetic patients With this object 
in view F G Banting (19) undertook to prepare extracts from pancreas 
that had been caused to undergo partial degeneration bj' hgation 
of the ducts Since it was known that the acinous tissue, from which 
the digestive ferments arc derived, undergoes degeneration more 
rapidly than the islets which are presumably the source of insulin, 
it was hoped that in this way active extracts could be obtained 
With the assistance of C H Best, the antidiabetic properties of 
the extracts were tested by injecting them into depancreatized 
dogs and observing the effects produced on the hy’pergly ccmia and 
glycosuria Ihe results of a typical experiment arc shown in fig- 
ure 1 The animal was depancreatized on August 11 (1921) and 
extract, made by extracting the degenerated pancreas (ten weeks 
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after ligation of the ducts) with ice cold Ringer’s solution, was given 
intravenously six hours afterguards This prevented the blood 
sugar from rising above 0 20 per cent until 10 00 p m on August 
12 when it reached 0 3 per cent The amounts of extract injected 

MS II AUG 12 AUC II ADO 14 



Fig 1 Cunras or Percentage of Blood Sugar, etc , in Depancreatized Dogs, 
AS Affected by Injections of Extracts of Partially Degenerated PANCEEiVs 

(1) Degenerated pancreas, dog 394 (2) Degenerated pancreas, dog 390 (3) De- 

generated pancreas in 0 1 per cent HCl (4) Degenerated pancreas m 0 10 per cent 
NaOH (5) Degenerated pancreas in 0 1 per cent HCl (6) WTiole gland extract, 
fresh, cold (7) WTiole gland extract m 0 1 per cent HCl (8) Whole gland extract 
in 0 1 per cent NaOH Dog died August 30 The first column of figures along ordinates 
refers to all the curves except that of the percentages of blood sugar which are given 
in figures of the second column In the case of "volume of urine" the figures are to 
be multiphed by 100 

vere then increased with the result that the blood sugar declined, 
reaching a little below 0 10 per cent by noon on August 13 After 
this, similarly prepared extract from another degenerated gland 
was used, and on August 14 an isolated, large injection resulted 
in a fall of blood sugar from 0 175 per cent to nearty 0 09 per cent 
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Meanwhile very little sugar was being excreted by the urine, but 
as the effect of tlie last injection of extract wore off the amount 
rose rapidly and on August 15 reached 16 grams, tlie blood 
sugar now standing at 0 30 per cent Injections of extract 
prepared b> weak acid from degenerated pancreas on August 15 
and 16 caused prompt reductions in blood sugar, and the urinary 
sugar again dedined to about 5 grams There could be no doubt 
that the extracts of degenerated pancreas had reduced the seventy 
of the diabetic symptoms, and on August 17 and 18 extracts from 
normal (dog) pancreas were tned with similar beneficial results, 
as judged by both the h> perglj cemia and the glycosuria The 
obserx’ations were continued on this animal until August 22, one 
of tlie extracts used witli successful results being prepared from a 
pancreas after exhaustion of the aam by continued injections with 
secretin After this date, as a result of discontinuance of the injections 
the blood sugar rose to between 0 30 and 0 35 per cent, at which 
It remained until August 26, the daily urinary sugar varying between 
6 and 13 grams The animal died on August 30 and at autopsy 
no trace of pancreas was found by naked eye examination In 
other expenments, in which extracts prepared by sunilar methods 
from other tissues tlian the pancreas were used, it was shown 
that insulin is almost, if not exclusi\cl>, denved from this gland 
Administration per rectum was without effect In certain of the 
experiments glucose solubons w ere injected and it w as found thatw hen 
this was accompanied by tlie extract, dccidedlj less than the expected 
amount of glucose reappeared in the urine Thus, in one experiment 
watliout extract the excrebon of glucose dunng four hours following 
the injection of 10 grams was 9 94 grams, whereas on the next day 
when extract was also given, it was only 44 grams Hemoglobin 
determmabons showed tliat the changes in the percent ige of blood 
sugar were not due to dilubon of the blood 
Obsen abons of a similar type were made on 9 other depancrcatized 
dogs, partly in order to make certain that no fortuitous circumstances 
could be held responsible for the results, and partlj m the endeavor to 
obtain more satisfactorj figures for the sugir excrebon bj the urine 
h>o attempt was made at this stage to mvcsbgatc the possible 
effects of tlie exbacts on other svmptoms of diabetes, such as glj cogen 
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formation or ketosis, since, -Rath the limited quantities of extract 
that were then available, it was considered more important to 
devote attention first of all to findmg methods for the preparation 
of larger supplies, using the behavior of the blood and urinary sugar 
of diabetic dogs to determine their antidiabetic potency 

As the next step towards obtaming larger amounts of extract 
the pancreas of fetal calves of under four months development was 
used by Banting and Best (22), since it had been shown by Ibrahim 
(20) that at this stage the acini of the pancreas are insufficient!}’’ 
developed to produce active proteolytic en 2 ymes, whereas the islets 
are plentiful and are apparently capable of suppl 3 dng sufficient 
internal secretion of insulin to minimize greatly the severity of 
glycosuna in the mother (Carlson and Drennan (21)). These extracts 
were made partly vath Emger’s solution and partly with alcohol. 
In the lattei procedure, the alcohol was removed by evaporation in a 
current of warmed air and the residue redissolved in Ringer’s 
solution Intravenous or subcutaneous injections into depan- 
creatized dogs reduced the hyperglycemia and glycosuna. This 
result encouraged Banting and Best (22) to see whether potent 
extracts could be obtained from the pancreas of full grown cattle 
by extraction with equal volumes of 95 per cent alcohol made shghtly 
aad witli HCl This extractive was used with the object of minimiz- 
ing tlie destructive action of the proteolytic enzymes, and its possible 
value in tins connection, pre’viously recognized by Zuelzer and E 
L Scott, had been in imnd from the very start of the investigations 
After tlie removal of the alcohol by warmed air and of excess of fat by 
toluene, tlie extracts were found to possess strong antidiabetic proper- 
ties, and it was now possible to show mthout doubt that by continuous 
injections a great improvement occurred in the general condition of 
the animals, one of which hved for seventy days, when it was killed 
by chloroform On gross examination no trace of the pancreas 
could be found but serial sections of the duodenum, made by Dr. 
W. L Robinson, revealed the presence in the submucous coat, near 
the entry of the main pancreatic duct, of a small nodule in which, 
however, no islets could be seen 

An endeavor was now made to purify the alcoholic extracts of 
adult pancreas sufiidently for trial on a diabetic patient The alcohol 
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*was removed by "warmed air or tti joctw at a low temperature, the 
excess oi fat extracted by toluene and tlie watery residue, now reduced 
to one fifth the original volume, nas passed tlirough a Berkcfeld 
filter The resulUng extract, injected into a diabetic patient (a 
boy aged fourteen years), reduced the blood sugar by a little over 
25 per cent, and somenhat duninished the glycosuria, but “onang 
to the high percentage of protein stenle abscesses 

formed in a few instances at the site of injection ” BanUng and 
Best (23) obscrx'cd that the potency of these extracts is destroyed by 
heat and by digestion ivith trypsm and that the active prinaple is 
insoluble in 95 per cent alcohol 

Before further attempts could be made to investigate the possible 
therapeutic value of die extracts it was necessary to remove from 
them the irritating substances responsible for abscess formation, 
and to demonstrate in diabetic dogs that not only are the hyper- 
glycemia and glj cosuna reduced by their action, but the other diabetic 
symptoms as well At the same time it was considered important 
to see whether other forms of experimental hyperglycemia, such 
as that caused in rabbits by piqflre or epincphnn, would be affected 
by the extracts The problem of purification of the extract was 
entrusted to J B CoUip (24) who, as a first step m his work, injected 
some of tlie crude extract into normal rabbits and found the blood 
sugar to become reduced This furnished him with a method for 
testing tlie potency of the various precipitates and filtrates whicli were 
produced in the crude alcoholic extracts by v anousstrengthsof alcohol 
He finally found tliat the active principle remained in solution up 
to an alcohol percentage of about 92 and that by using percentages 
somewhat below this, much of the protein could be precipitated 
from the extracts His finally evoh ed method w as as follows 

To a small volume of 95 per cent clhj'l alcohol freslilj minced pancreas 
was added in equal amount The mixture was allowed to stand for a few 
hours with occasional shaking It was then strained through cheese 
cloth and the liquid portion at once filtered Ihc filtrate was treated wath 
two volumes of 95 jier cent cth>l alcohol It was found b> this treatment 
that the major part of the protein was removed while the active pnnciplc 
remained in alcoholic solution After allowing some hours for tlie protein 
precipitation to be effected tlie mixture was filtered and the filtrate con- 
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centrated to small bulk by distillation tn vacuo at a low temperature (18° 
to 30°C ) The lipoid substances were then removed by twice extracting 
vuth sulphuric ether in a separatmg funnel and the watery solution returned 
to the vacuum still, where it was further concentrated till it was of a pasty 
consistency after which 80 per cent ethyl alcohol was added and the mix- 
ture centrifuged After centrifugmg, four distmct layers were manifested 
in the tube The uppermost was perfectly clear and consisted of alcohol 
holding all the active principle in solution Below this, m order, were a 
flocculent layer of protein, a second clear watery layer saturated with salt 
and a lowermost layer consisting of crystals of salt The alcohol layer was 
removed b}’’ means of a pipette and was at once delivered into several 
volumes of 95 per cent alcohol, or better, of absolute alcohol It was found 
that this final treatment with alcohol of high grade caused the precipitation 
of the active principle along with adherent substances Some hours after 
this final precipitation the precipitate was caught on a Buchner funnel, dis- 
sohed in distilled water and then concentrated to the desired degree by 
use of the vacuum still It was fimally passed through a Berkefeld filter 

Various methods have been devised to purify further the insulin 
prepared by Collip’s method and as a result preparations givmg 
only a faint biuret test have been obtained The best known methods 
are those of Doisy, Somogyi and Shaffer (25), and of Dudley (26). 
In the former, the acidified alcohohc extract of pancreas, after removal 
of the alcohol, is mixed in faintly acid reaction with ammonium 
sulphate in the proportion of 40 grams to each 100 cc of solution 
After standmg in a separating funnel the precipitate nses to the 
surface so that the underlying fluid can readily be run off When 
all possible liquid has been removed the precipitate is shaken with 
alcohol in such proportion as to give about 70 to 75 per cent, and 
the mixture is centrifuged A clear alcohohc solution separates 
which IS pipetted off and the concentration of alcohol in it raised 
to about 90 per cent, the reaction being carefully adjusted to a pH 
of between 5 and 6 After standing some hours, the precipitate 
which forms is collected and redissolved in water contaimng traces 
of acid (or alkali) Precipitation is again effected by bringmg pH 
back to between 5 and 6, and this process of precipitation and resolu- 
tion is repeated several times, the final precipitate bemg collected on 
a filter and dried m a vacuum desiccator It ■mil be seen tliat this 
metliod depends mamly on preapitation at the isoelectric point 
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It IS one which is being used successfullj on a large scale and it yields 
insulin which is practically free from toxic or irritating qualities and 
and possesses remarkable keeping qualities Its discoverers have 
generously allowed it to be used for large scale production 
In the Dudley process crude insulin prepared by Collip’s process 
IS dissohed in a small quantity of water and the solution centnfuged 
to free it from insoluble matenal The clear supernatant solution is 
diluted with water to bring the concentration of insulin to about 1 5 
per cent An equal volume of a saturated watery solution of picric 
acid is added and the material, contained in a tall vessel, is allowed 
to stand some dajs so that tlie precipitate may settle The dear 
supernatant fluid is decanted and the preapitate dissolved in a mini- 
mum of water contaimng weak NajCOj If all does not dissolve the 
solution IS centrifuged Acid is added to the clear solution in an 
amount suffiaent to neutralize the Na-COj as a result of which the 
insuhn picratc is rcprccipitated To ensure complete rcpreapitation 
one-half the volume of saturated picric acid solution is added to the 
solution After standing some days the preapitate is collected on a 
Buchner funnel and thoroughly washed with weak picric acid solution 
(5 cc saturated picric acid in 100 cc water) after which it is trans- 
ferred to a beaker and stirred with a solution of HCl in 75 per cent 
alcohol in the proportion of about 15 cc per gram of moist picratc 
taken (24 cc 3 iV HCl in 75 cc absolute alcohol) “The picratc after 
first fonning thick dark browai oily drops dissolves in tins reagent 
yielding a somewhat turbid dark yellow liquid ” About ten volumes 
of acetone are then added to preapitate the hydrochloride which is 
collected on a filter, washed wath acetone, and finally, with dry ether 
It is then dntd in a aacuum desiccator 
In the preparation there arc two stages during which loss of insulin 
is liable to occur, one of these is prior to plaang the rmneed gland in 
acidified alcohol and the other, in tlie w atcry e.\tract after remor al of 
the alcohol In order to minimize the losses in the early stages 
Krogh and Widmark (27) place tin. pancreas, after rcnioa al from the 
animal, in a freezing meature of ice and 2 per cent saline solution in 
which It IS brought to the 1 iboratorj' It is then frozen solid and the 
blocks of ice cut b\ rapidlj rca ol\ mg kni\ es into thin sha\ mgs v hich 
are collected m acidified alcohol \ucr c\tr-ction and removal of 
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the alcohol, the extract is tested as to stabihty of insulin by roughly 
assaying it before and after incubation for twenty-four hours in 
neutral reaction If it is found to be satisfactorily stable the insuhn 
IS further purified by the ammonium sulphate method of Doisy, etc 
The yields by this method are remarkably high, probably because of 
the great care that is taken to chill the pancreas to freezing pomt as 
early as possible after killing and to break up thoroughly the frozen 
gland so that extraction is thorough We have frequently noted when 
working with the prinapal islets of bony fishes (cod, angler fish, 
sculpm, etc ) that the yields of insuhn are greatly increased when the 
glands are frozen solid immediately after removal and we have attrib- 
uted this, not only to the inhibition of proteolytic digestion, but also 
to the tearing up of the islet cells by the large ice crystals which form 
under these conditions 

Brailsford Robertson and Anderson (28) employ sodium sulphate 
to remove water from the imtial alcohohc extracts, thus effecting con- 
siderable saving in alcohol. This action depends on the fact that 
exsiccated Na 2 S 04 when mixed with water forms the crystalhne sul- 
phate, Na2SO4l0H2O, and in the process absorbs 1 27 times its weight of 
water Thus, by adding to the 50 per cent (imtial) alcoholic extract 
enough Na 2 S 04 to remove four-fifths of the water present, the con- 
centration of alcohol is raised to 80 per cent at which protein fractions 
not containing insulin are precipitated Much less alcohol has, there- 
fore, to be used and the sodium sulphate can be readily recovered for 
use again by igniting it 

Besides the mammahan pancreas the principal islets of bony 
fishes may also be used for preparing insuhn Since the yields from 
this source, per gram of tissue, are many times greater thanfrompan- 
creas, tlie process of manufacture is incomparably simpler and less 
expensive and the final product is of a high degree of purity It will 
be remembered that Diamare (2) originally suggested the anti-diabetic 
function of these glands (in 1899) and that Renme and Fraser (12) 
in 1906 almost succeeded in demonstrating the presence of insuhn in 
them It was not until 1922, however, that final proof of the pres- 
ence of insulm in the islets was demonstrated by Macleod, mainly in 
tlie angler or de\'il fish (Lophius piscatorius) and in the sculpm 
(IMyoxocephalus) and more recently N A McCormick and E C 
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Noble ha\e found it to be obtainable in very large amount from the 
islets of the cod (Gadus), pollock (Pollachius) and halibut (Hippo- 
glossus) The islets in these very common fishes are easily recogniz- 
able and can be removed witlioutdifficulty and smee insulin, suffiaently 
pure for cbmeal use, can be prepared by extracting them with a 
relativ ely small amount of alcohol (enough to give 60 per cent in the 
mixture) removing the alcohol by vacuum distillation or by warmed 
air, heating the watery extract to about 80°C extracting witli ether 
and then applying Dudley’s process of purification, this should prove 
a useful source of supply, at least in maritime countries 

When larger quantities of purified insulin became available a 
thorough chmeal trial of its therapeutic value was undertaken (cf 
Banting and Best, Colhp, Campbell and Fletcher (30)),andtheresults 
of these will be found on page 239 The present part of the article is 
restricted to tlic experimental aspects of the work in so far as these 
bear directly on the chnical use of insuhn These will be considered 
in two categories (1) further observations on depancrealizcd dogs, 
and (2) observations on normal ammals and on other forms of hyper- 
glycemia, particularly with reference to the assay of insulin 

rUKTIirR ODSrRVATIONS ON DFPANCREATIZED DOGS 
Glycogen content of the li^cr and the heart 

Various workers have confirmed the observation, first made by 
Minkowski (1), that no gl>cogcn, or only traces, can be found in 
tlie liver of dcpancreatizcd dogs, even after the animals are fed large 
quantities of glucose Minkowski thought, however, that some was 
deposited with levulose Cruicksliank (31), while confirming these 
conclusions with regard to glucose, considers that Minkowski’s posi- 
tive results with Icvailose may have been due to incomplete pancrea- 
tectomv , since he himself failed to detect gl> cogen after feeding with 
tins sugar We can contribute two observations bearing on this ques- 
tion (32) In a dog w Inch liv ed for sev en day s follow ing pancrcatec- 
toniv , cane sugar w is ftal in large amounts during the last three davs of 
life and 1 32 per cent of glycogen was found in the liver, m anotlier, 
w Inch hv ed for clev eii d ly s, onlv 0 016 per cent w as found In neither 
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of these animals did the cane sugar cause any change in R.Q Since 
serial microscopic sections of the duodenum were not made, it is pos- 
sible that a trace of pancreatic tissue may account for the glycogen 
formation in the one animal 

In any case we can be certain that even by feeding with cane sugar 
very httle glycogen becomes deposited in the liver of depancreatized 
dogs, which contrasts very strikingly with the result which is obtained 
when insulin is given at the same time as the sugar The first observa- 
tion in which this was done was made on a dog (15 kgm weight) that 


TABLE 1 


DATE 

DAYS depan- 
creatized ' 

DAYS DURINC ^raiCH 
INSULIN AND SUGAR 
lYERE GIVEN 

PER CENT 
GLYCOGEN IN 
XHER 

February 21 (1922) 

7 

5 days 

12 58 

January 14 

4 

Less than 1 day 

2 70 

April 28 

3 

2 days 

11 40 

May 2 

5 

1 day 

4 80 


TABLE 2 


DATE 

DA-VS depan- 

GLYCOGEN CONTENT 



Liver 

Heart 

April 24 (1923) 

5 


fier colt 

0 47 

May 1* 

4 

Trace 

0 38 

May 4 . 

5 

Trace 

0 12 

May 5 

3 

0 06 

0 61 

May 7 

4 

0 06 

0 33 

May 11 

3 

0 07 

0 65 

hlay 14 

4 

0 03 

0 66 


had been depancreatized during mne days (December 14 to 22, 1921)> 
no insuhn being given until two days before death Although only 
tlie crude extract was available for admimstration, it lowered the 
blood sugar from 0 309 per cent to 0 051 per cent, in spite of the fact 
that, at the same time, large amounts of cane sugar were fed to the 
animal, which it took greedily Analysis of the liver by Pfluger’s 
process was found (by J B C ) to contain an unprecedented amount 
of glycogen (over 20 per cent) Other obsen^ations of a similar nature 
are shown in table 1 (32) For comparison, results obtained on depan- 
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creatized dogs to which insulin was not given are shown m table 2 
(McCormick (33)) In these, ex.cept the one asterisked, tlie animals 
were under ether anesthesia for at least one hour before being killed 
In several of the observations glycogen was also determined m the 
muscles and the heart Nothing conclusive can be made out from 
the analyses on the skeletal muscles but there is evidence that insulin 
causes reduction in tlie amount of glycogen in the heart in which, as 
histological examination by previous workers had shoivn, unusually 
large deposits of this substance occur, both in diabetic patients and in 
dcpancrcatized dogs Cruickshank (31) found by analysis (on 16 de- 
pancreatized dogs) the average percentage of glycogen to be 0 7 
compared witli 0 5 per cent m normal animals (6 observations) 
■\Vc found 0 79 to 0 92 in different portions of the heart of one depan- 
creatized ammal fed sugar but not given msuhn, and 0 98 per cent m 
that of another similar ammal In 4 depancreaUzed animals to which 
insulin, as well as sugar, was given the values were 0 725, 0 600, 0 S70 
and 0 296 per cent respectively It must be pomted out, however, 
that although the glycogen content of the heart is often high in de- 
pmcrcatized dogs this is not invariably so Out of the 7 ammals 
reported above, it will be seen that high percentages occurred in only 
3, and that it was very low in 1 case (0 12 per cent) The ether anes- 
thesia may account for the unexpectedly low percentages of glycogen 
found in this series of observ'ations 

Fatty acid content of the liver and blood 

It IS well known that in diabetes the percentage of fats nses both in 
the liver and tlic blood In Uie former, as the glycogen disappears fats 
accumulate and may reach a very' high percentage (over 20 per cent) , 
in the latter, especially in the terminal stages of the disease, percent- 
ages of o\ er one arc not uncommon The effect of insulin on the total 
fatty acids determined by Loathes’ modification of the Kumagawa- 
Sato metliod is shown in table 3 

In two of the obscnvations, Nos 53 and 54, the results arc not con- 
clusive since such excessive doses of msuhn were admimstercd tliat 
dcatli from In-pogly ccmia occurred within twelve to eighteen hours 
There is sufficient evidence from the other results, however, to show 
that msuhn reduces the fat content of both liver and blood The 
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effect on the blood fat appears to be ver)'- rapidly developed (within 
a few hours) which is of interest on account of the similar prompt 
effects of insulin on the excretion of the ketone bodies As far as can 
be judged from the available analyses the effect on the liver fat is not 
so prompt, which indicates, when taken in conjimction with the be- 

TABLE 3 

Total fatly adds m dcpancrcalizcd dogs, wjlh orutlhoitl insulin 


StTMBER or 
AMIIAL OR PATE 

or 

OBSER\ATION* 

TOTAL TATTi ACIDS 

Liv er' 

Bloodt 

48 

12 25 

■M 

50 

14 10 


51 

9 90 


52 

7 428 

0 30 

55 

2 190 

0 53 

56 

4 41 


53 

10 28 


54 

26 36 

0 37 


[25 3 

1 07 

Apnl 24 

(23 9 

1 08 1 

April 27 

12 SO 

1 02 

Ma}'- 1 

12 75 i 

1 13 

ifay 4 

33 

1 58 

Maj' 5 

8 8 

0 72 

!May 7 

23 1 

0 74 



fO 85 

Ma> 11 

15 6 

\0 91 



fo 76 

May 14 

26 24 

\0 79 


REMAP kS 


I Fed sugar but insulin not given 

Sugar + insulin 1 day 
Sugar + insulin 2 days 
Sugar + insulin 1 day 
Sugar + overdose insulinf 
Sugar + overdose insulin 


Not fed sugar nor given insulin 

The number of days since pancreatectomy 
will be seen by comparing dates given in 
previous table 


^Leathes’ method 
T Floor’s method 

t These animak died within a few hours after insulin 


havior of the blood fat, that the removal of fat from the liver must 
proceed at apace which is conditioned upon the rate at w'hich it can be 
deposited in the fat depots or converted into other hpoid substances 
The remarkable effect of insulin on lipemia in diabetes mellitus has 
been repeatedly confirmed in the clmic 
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Excrclton of ketone bodies in the urine 

The oxidation of fats in the animal takes place at the P-carbon atom 
(i e , the C atom two places removed from the COOH group) ind the 
process proceeds smoothly, step by step, until all the methyl radicles 
have been consumed In diabetes this process proceeds smoothly 
only so far, leaving a residue still contaimng three methyl radicles, 
onl> one of vhich, m the /3-position, undergoes partial oudation form- 
ing a senes of substances known as the ketone bodies p-oxybutyric 
aad, aceto-acetic acid and acetone (CHjCHOH CHj COOH, 
CHj CO CHi COOH, CHj CO CHj) These bodies have serious 

TABLE i 


Cxcrelton of sti^ar atid ketone bodies tn depaucrealt ed dogs 


MVBtS 

DATE 

tssuttv 

onTv 

TOTAt 

tatuflt 

TOTAL 

OCX 

•ntosE 

rxese 

Trov 

TOTAL 

ACT 

TOVL 

»ODtCS 

xcuArrLx 




(( 

tramt 

rngm 


11 

January 6 

\o 

1,000 

29 7 

100 



January 7, a m 


375 

28 4 

187 

niood sugar 0 351 per cent 


7anuar\ 7, d m 





Il/ood sugar 0 OSS per cent 


January 8 



4 25 

None 



January 9 

No 


9 95 

None 



Januar> 10 

\o 

370 

9 6 

None 



January 11 

No 

275 

25 2 

34 



January 12 

No 

325 

25 4 

55 



January 13, a m 

No 

750 

18 0 

114 



January 13, p m 

\cs 






January 14 

Yes 

fiOO 

SB 

None 



poisonous effects on the anunal (coma) due partly to their aadic proper- 
ties It w as considered important to obscn'C tlieir behavior in depan- 
crcatized dogs gi\ cn insulin The total ketone bodies w ere measured 
in the dailj unne of three depancrcatizcd dogs (by J B C ) using tlie 
Van Slykc mctliod In one of them the dailj excretion steadily rose 
during se\cn dajs followmg pancreatectomy witliout insulin, from 
75 to 210 mgm the daily sugar excretion on a meat diet aarving 
between 24 and 36 gms On the scaenth and eighth days massive 
doses of (crude) insulin were given along witli sugar, and both tlie 
I clone bodies and the sugar disappeared entirely from the urine 
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(This is the same animal on which the first glycogen determination 
was made, see page 208 ) 

In another animal the results given in table 4 were obtained 

These results show clearly the prompt effect of insulin m removing 
ketonuria and it has not been considered necessary to repeat the obser- 
vations on depancreatized dogs, smce this can be more conveniently 
done in human diabetics The climcal observations (34) have demon- 
strated a similar reduction both in the urine and the blood The 
concentration of ketone bodies in the blood decreases somewhat more 
slowly than the sugar and the decrease is accompanied by a rise in the 
C02-combimng power In the urine of diabetic patients the ketone 
bodies disappear later than the sugar, following the administration of 
insuhn These observations mdicate the necessity of a very careful 
comparison of the relative speeds with which insuhn clears up lipemia, 
ketonuna and glycosuria in diabetes and the relation of the time of 
disappearance of these symptoms to changes in blood sugar and the 
respiratory quotient. By such comparisons it is possible that hght 
may be thrown on the mechanism of the action of insulin 

Behavior of the respiratory quotient 

It is generally recognized that the most satisfactory evidence of the 
utilization of carbohydrate m the animal body is afforded by the be- 
havior of the respiratory quotient, i e , the ratio between the volume 
of CO 2 expired and O 2 absorbed In the normal animal this quotient 
approaches umty in proportion as carbohydrates replace fats and pro- 
teins in the total metabolism, thus, when sugar is given to animals that 
are starving or living on a fat and protein diet the quotient promptly 
rises In the completely diabetic animal, on the other hand, whether 
this condition be brought about by removal of the pancreas, by admin- 
istration of phloridzin or by disease, the quotient remains at the level 
of about 0.7 or below it (which is characteristic of the metabolism of a 
mixture of fat and protein) even when large amounts of carbohydrate 
are ingested 

The expired air of diabetic dogs was collected in a Tissot spirom- 
eter and analyzed by the usual techmque (by Hepburn and Best 
(35)). The procedure followed w^as to determine R Q for periods 
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preceding and foUomng the adnumstration, by mouth or subcutane- 
ously, of cane sugar or glucose, and then to repeat the observation 
giving insuhn, as well as the sugar Since previous investigators 
(Murlin (15)), Verzar (36), etc ) had shoivn that the power to ovidize 
carbohydrate, as revealed by the behavior of R Q , does not entirely 
disappear until about four days followmg pancreatectomy the obser- 
vations were not made until after this period The following is a 
typical result 


DAT2 

coNimios 

RQ 

January 20 

Normal dog, starved 24 hours 

0 85-0 86 


35 minutes 4(tcr 30 grams sucrose 

1 0 


1 hour 25 minutes later 

1 0 

January 21 

Pancreas removed 


January 23 

' No sugar or insulin 

0 63 


IJ hours after 20 grams sucrose 

0 77 

January 24 

30 minutes after 25 grams Sucrose and insulin 

0 86 


H hours later 

0 90 


3 to 3} hours later 

0 77 

Januaiy 25 

No sugar or insulm 

0 63 


ATinous periods after 20 grams sucrose 

0 82 , 0 82 , 0 85 

Januar> 26 

No sugar or insulin 

0 68-0 72 


1 hour after 20 gnms sucrose 

0 81 


5 hours liter ind 40 minutes after insuhn 

0 90 


In another anunal, siv dv>s after pancreatectomy, sugar and insulin 
raised the quotient to 0 95 previous observations with sucrose alone 
succeeding in raising it only from 0 63 to 0 70 The results show that 
m dcpancreauzcd animals insulin and sucrose cause a greater rase in 
R Q than occurs with the same quantity of sucrose alone In botli 
the earlier and the more recent obscrv ations the effect of insuhn in 
raising the respiratorv quotient m dcpancreaUzed dogs has been 
observed to persist for about two dajs following the injection This 
shows that the action of insulin on diabetic dogs can be detected for a 
longer time, followang the injection when the beliav lor of the respira- 
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tory quotient is used to indicate it, than when the level of the fasting 
blood sugar is used (cf fig 1) 

^ Similar results have been obtamed by S U Page (36c) in phloridzin 
diabetes Thus, in a dog which was injected daily vath 2 grams of 
this drug and was on a constant meat diet, the R Q remained at about 
0 7 and was unaffected by giving 40 grams of sucrose subcutaneously. 
When insulm was given as well as sugar, however, R Q. rose, as shown 
in table 5 

In the observations made durmg July the daily diet was 400 grams 
meat and in those made during September it was 600 grams The 
excretion of glucose in the unne collected during twenty-four hour pe- 
riods was also measured but the results did not demonstrate a marked 
decrease as a result of insuhn The excretion of ketone bodies was 
diminished by the mj’ections More recently M Ringer (36a) and 
Nash (36b) have made similar observations under more carefully con- 
trolled conditions Ringerfoundthatwhen40gramsglucoseweregiven 
along with insuhn (20 units) 12 2 grams failed to reappear in the urine 
and R Q rose from 0 71 toO 75 indicating that about 6 grams could 
be accounted for by increased oxidation On another occasion R Q 
rose to 0 84 The experiments on the combmed effects of insulin and 
phloridzin are difficult to conduct because hypoglycemic symptoms 
are very readily induced. It is on this account that Page was imable 
to obtain satisfactory results on the influence of insuhn on the excre- 
tion of sugar in the unne Rmger suggests that the effect of insuhn 
on phlondzm diabetes might be used as a basis for its assay We do 
not believe that the method is likely to prove one of practical value 

Re\aewmg these results as a whole it is clear that insulin plays an 
essential r61e in the metabohsm of carbohydrates, as well as of fats 
Both types of metabohsm proceed in the normal animal through an 
extended series of cheimcal changes In the case of carbohydrates, 
glucose, after its absorption, becomes either polymerized to glycogen 
and stored in this form or gradually broken down into simpler products 
which are finally oxidized It is possible that glycogen formation is a 
necessary preliminary step to this catabolism What the interraediaty 
products may be is unknown, but there are reasons for believing that 
they are numerous and that they exist in a certain balance with one 
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TABLE 5 

Effect oj tt suUn an EO tr phhrnSjn diiMcs 


VKTt 

intE 

CO DTTIOV 

PQ 

19 ’ 




JuH 5 


Phloridzm, 2 grams daib i started 


Iul> to 

10 30 a m 

U 

40 gnma 

0 70 


1 15 pm 


0 71 

lub 11 

10 15 a m 

11 50 a m 

insulin 

0 67 


12 50 p m 

2 15 p m 

40 gms sucrose 

0 91 

lubln 

10 30 a m 

40gms sucrose 

0 72 


1 00 p m 

2 15 p m 

0 SJ 


September 2 | 

1 1 

PblondziQ, 2 grams daily, started 


September 8 ; 

10 10 a m 

12 10 pm 

40 grams sucrose j 

0 71 


1 25 p m 


0 76 

September^ 9 

9 25 a ra ' 


0 72 

10 50 a m 

11 00 a m 

insulin j 

0 70 



1 15 p m 


0 92 

September 11 

10 13 T m 


0 79 


1 15 p m 

2 30 p m 

40 grams sucrose 

0 8t 

September 13 

9 30 a m 

10 50 1 m. 

insubn 

0 74 


12 55 pm. 

40 gnms sucrose 



1 lOpnu 


0 88 


another In such a case it is cMdcnt that the failure of one s'lp in 
the break-doavn process aaould interfere aaitli tlie entire process 
It has been suggested bj. Winter and Smith (37) that the fir-.t step 
lb the conatrsion of glucose into a more rcactiae form end tint insulin 
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is necessary for its occurrence Chemically considered ordinary glu- 
cose is an equilibrated mixture of two varieties, designated a and / 5 , 
characterized by differences in their power to rotate the plane of 
polarized light, and in both of which the carbon atoms are joined in a 
ring formation which makes them relatively stable In the more 
reactive form, designated 7 -glucose the rotary power is different 
(rotates to the left instead of to the right) and it is believed that the 
molecule has become less stable because of a shifting in the position of 
the ring (Irvine (38), etc) These varieties cannot be identified in 
animal fluids by the ordinary reduction tests, but only by their differ- 
ent rotatory powers. Using this method. Winter and Smith have 
claimed that 7 -glucose can be detected in normal blood (of laboratory 
animals and men) but not in diabetic blood, in which however, it ap- 
pears when insulin is given Too much weight must not be placed on 
these results, however, partly because the differences (in rotatory 
power) observed are very small, partly because very comphcated proc- 
esses have to be employed to remove the proteins from the blood and 
partly because the results have not so far been confirmed by other 
workers Using the same technique G S Eadie (39) has indeed ob- 
tained polarimetric readings similar to some of those reported by 
Wmter and Smith for normal blood, but on the contrary he has also 
obtained others of an exactly opposite character Wintei and Snuth 
pubhsh very few protocols so that it is difficult to appraise their 
work correctly One serious objection to their conclusions is that 
they do not adequately rule out other possible explanations for their 
results Prior to the work of Winter and Smith, Hewitt and Pryde 
(40) had stated that optical evidence of the formation of 7 -glucose can 
be obtained when a solution of glucose is placed on a loop of the intes- 
tine for a short time Stiven and \Vaymouth Reid (41) and more 
recently van Creveld (42) have shoivn, however, that such is not the 
case and the last mentioned worker has also been unable to confirm 
any of Winter and Smith’s conclusions 

Apart from this no attempt has so far been made to determine the 
exact stage in carbohydrate metabohsm for the consummation of 
which insulin is required That both the formation of glycogen and 
tlie oxidation of glucose are interfered with in diabetes indicates that 
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a relaUonslup must esist between the tao processes and this can be 
explained most simply by supposing that glucose, before it proceeds to 
final oiadation, must pass through a glj cogen stage for which insulin 
IS necessary There is no direct evidence at present to support tlus 
Mew but it IS at least sigmficant that after pancreatectomy, the 
respiratorj quotient does not reach its final low le\cl, of about 0 65, 
until all the glycogen has disappeared from the liver It remains to 
be determmed whether some glycogen is formed prior to the increase in 
respirator^' quoUent, when sugar and insuhn are given to diabetic 
ammals Such an hj'pothesis w ould place glycogen in a more impor- 
tant position in metabolism than that of a mere storage form of carho- 
hj drate Its formation may be a necessary step in the metabohsm 
of sugar and it is concen able that it is so because the glucose whicli is 
formed by its hydrolysis m the body is of a different type from the 
a-jS-glucose from which it was built up An important objection tc 
this hypothesis is that glycogen is a polymerized form of glucose and 
therefore a step further away than glucose itself from the break-down 
products wluch finally’ become oxidized It is easier to imagine that 
insuUn, perhaps in association with a co enzyme, conxerts glucose intc 
some active form which is then used to meet the demands of the tissues 
for carbohydrate, and that the remainder is polymerized into glycogcr 
and stored until no more is being absorbed from the intcsUne, when tin 
glycogen agam breaks down to glucose The persistence of glycogen 
in muscle and particularly in the heart after the h\er has beconu 
glycogen-free, as in diabetes and acute starvation, would however, 
seem to indicate that it must be more tlian a mere storage material 
Under these conditions it is formed at the expense of protein, and, it 
is pertinent to enquire why should it be so unless it is an essentia' step 
on tlie road to oxidation? 

Turning now to fats, it is agam significant that m diabetes the 'on" 
scries of changes tlirough which tliey pass should be mtcr'ersd rith 
at both ends of the metabolic chain, as it w ere, and that inrJSr shoald 
not only immediately restore to normal the migration cf fit cJtacen 
the hx er and tissues but also recufy the faulty oxiddUoa, It h J^u'alK 
stated that fats bum m the fire of carbohydrates^ L ' u.i 
tiotohip betw een the metabolism of these tw o i not dearlv 
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understood Although much progress has recently been made towards 
furnishing an answer to this problem, it cannot be said that enough is 
known to make it possible to understand how insulin brings about these 
effects 

Sotne further facts concerning the effect of insulin on depancreatized 
dogs have more recently been elucidated largely through work by 
Frank N. Allan (43) These studies have had tw^o mam objects 
(1) to determine the glucose equivalent of insulin and, (2) to ascertain 
how long a diabetic animal can be kept alive by continuous treatment 
with it 

The glucose equivalent of insulin means the number of grams of 
glucose which a given quantity of msuhn can cause to be metabolized 
in a diabetic animal (depancreatized dog), and it is measured by 
comparing the glucose balance of one period during which a certain 
amount of insulin is given with that of another period dunng which 
the amount of insulin is changed A method based on this principle 
has been used in the clinic but the results have been inconstant, due in 
part, no doubt, to the fact that the diabePc patient retains some 
remnant of islet tissue stiff capable of yielding an endogenous supply 
of insulin w^hich is not constant from day to day 

The animals after pancreatectomy were fed daily with a liberal 
quantity of flesh (500 to 600 grams) as free from fat as possible, and 
100 to 150 grams of cane sugar This ration was given twice daily and 
insulin injected subcutaneously immediately before each feeding 
The total daily glucose excretion was compared with the glucose intake 
(i e , cane sugar X 1 053 plus glucose from protein obtained by multi- 
plying urmary mtrogen by 3 625) The difference between excretion 
and intake gives the amount of glucose metabohzed m twenty-four 
hours When this is determined for two penods during which differ- 
ent amounts of msuhn are given it is easy to compare the glucose 
equivalents of the insuh'n The following facts have been established 
(1) The glucose equivalent of the same dose of insulin given on differ- 
ent days of equal glucose intake varies -within a relatively narrow 
range (2) It is relatively much larger (per umt of msuhn) ivitb 
small than wnth large doses of insulin (3) It becomes greater (per 
umt) i\hen the amount of ingested carbohydrate is increased The 
first two conclusions are based on the following results* 
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Voi I Fed 600 grams meat and 100 grams sucrose 


rssvtw OtNEH <CLlMCAt C'TIS) 

CICOQSE EQyiVAtEVTS OS ptyrEKEVT DATS 

20 

S 8, 5 S 

24 

4 1, 4 0 

S2 

3 5, 3 S, 3 0, 3 3. 3 7, 4 1 

36 

3 0, 3 I, 3 1 

38 

3 4 

40 

3 0, 3 3, 3 1, 3 0 

The third conclusion is based on the followang 

fttstdir si'vn dath' 20 uutls 

sociR ervRs rtt day 

ctirosr rtjtl'ALT ts os oaas 

tm 


SO 

3 5. 3 1) 

too 

5 8, S S 

150 

8 4 8 1, C 9, 6 9 

The interpretation of these results 

IS that when the amount of insulin 

exceeds a certain optimum some of it docs not have an opportunity of 
aflecling the metabolism of glucose This may, in part, be due to the 
fact that with larger amounts of insulin some is axcreted before it 
can act on the sugar, but other factors must also come into play as is 
clear from the results obtained by keeping the insulin dosage constant 


but vamng the sugar intake (third conclusion) The action of insu- 
lin on glucose TOctabohsm no doubt proceeds according to the same 
general Ians as govern enryme action, namely that the amount of 
substrate nhich is acted on is not a linear function of the amount of 
enrvme but is relatively much greater when there is a large excess of 
substrate compared nith the amount of enzyme This latter condi- 
tion IS fulfilled nlien small amounts of insulin arc guen, or nhen, nith 
larger amounts, the intal e of sugar is increased The same relation 
ships between dosage and cfTccl arc seen m tlie pressor action of cpi- 
nephrm and no doubt apple for drugs m general (cf Murray La on 

(W)) 

There are two practical applications of these results One of them 
IS of clinical importance, for it indicates lliat even \ ety minute doses 
of insulin may be of great adipnlagc to the diabetic patient in ena- 
bling him to metabolize much more glucose llian he otherwise could 
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Suppose, for example, that we give one unit of a certain preparation of 
insulin to a patient who is excreting a large amount of sugar, it will 
cause many more grams of sugar to disappear from the daily urine 
than if we give the same amount to a patient that is almost sugar-free. 
The other is pharmacological since it indicates a possible method for 
the accurate assay of insulin Instead of expressing the dosage in 
terms of the power to lower the blood sugar of normal rabbits, upon 
which the present umt is based, it may be done in terms of glucose 
equivalents But it is clear that we cannot state that one umt of 
insulin will cause so many grams of glucose to be metabolized, unless 
we know the glucose balance at the time the insulin is given 

The relation between insulin and glucose equivalents is such that 
when the loganthms of the amount of insuhn given (expressed in rabbit 
umts) are plotted against the logarithms of the glucose equivalents 
(the intake of glucose being constant), the points fall along a straight 
line, represented by the equation log 1 86 — 0 85 log -if and 
which may be expressed in the form g (u) o ss = jq ^ The curve 
corresponding to this equation is given in figure 2 m which, also, 
the glucose equivalents (ordinates) actually found m two difierent 
animals for different doses of insulin (abscissae) are indicated by dots 
and crosses. Failure to recognize the fact that the glucose equivalent 
of each unit of insulin is greater with small doses than with large, 
explains in part at least the considerable variations obtained by clim- 
cal investigators Taking the most dependable of those published by 
Wilder, Boothby (45), etc the equivalent per unit was found to run 
between 0 9 and 3 1 grams with an average of 1 45 grams Woodyatt 
(46) gives the average at 1 to 1 6 grams These values for the human 
diabetic are considerably lower than those found for depancreatized 
dogs fed on sugar. Is it possible that they might be less m the latter, 
if the animals were fed exclusively on a meat diet?^ 

This raises the question as to whether the glucose denved from pro- 
tein is metabolized with equal faohty to that derived from carbo- 
hydrate sources Wilder, Boothby, Barborka, Kitchen and Adams 
(45) have noted that the same dose of insuhn, given to a diabetic pa- 

1 Further discussion of the glucose equivalence of insuhn on diabetic patients will 
be found m the clinical part of this review (page 249) 
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at hen the protein ttas largtla replaced b) carboln drak. the calonc 
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and total glucose values of the two diets being kept the same Thus, 
while on a diet made up of 45 grams protein, 142 grams fat and 11 
grams carbohydrate (i e , 150 gram available glucose and 1956 cal ) 
15 units of insulm reduced the daily sugar excretion from 57 78 
to 9 46, giving a glucose equivalent of 3 32, whereas while on a diet 
of 159 grams protein, 118 grams fat and 41 grams carbohydrate 
(i e , 145 grams available glucose and 1907 calories) 15 units only 
reduced it from 76 10 to 47 15, giving a glucose equivalent of 1 9. 
This would seem to indicate that the sugar derived m the body from 
protein is not so readily metabolized under the influence of insulm as 
sugar that is absorbed as such from the intestine 

EFFECT OF INSULIN ON NORMAL ANIMALS 

It would serve no useful purpose here to enter into details with 
regard to tlie effects of insulin on normal and hyperglycemic animals, 
but a brief outline of the mam results is necessary to an understanding 
of the highly practical question of its physiological assay A full 
discussion of this subject will be found elsewhere (47) 

Within a few minutes of the intravenous or subcutaneous injection 
of insulin into rabbits, the percentage of blood sugar begins to fall and 
it continues to do so at a practically umform velocity for about forty- 
to sixty minutes This “imtial fall” is not noticeably influenced by 
the nutritional state of the am'mal until a certain low level is reached 
(about 0 045 per cent) Beyond this stage the curve either becomes 
less and less steep, or it begins to rise again as in well-fed ammals, 
or it continues to fall, usually at a decreasing velocity, in animals 
that have been starved The extent to which the blood sugar ulti- 
mately declines in starved animals depends partly on the dose of 
insuhn, and under certain conditions the sugar may reach the vanish- 
ing point These differences in the behavior of the curve are primanly 
dependent upon the amount of glycogen stored in the body, particu- 
larly in the liver When the blood sugar has declined to a certain 
level, the glycogenolytic function of this organ becomes stimulated, so 
that more glucose is discharged into the systemic blood to replace 
that which has been lost This stimulation occurs through the nerv- 
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ous system, since Burn (48) hns found that when ergotamine is given 
along nith insuhn to well-fed ammals tlie blood sugar curve fails to 
recover and behaves like that of a starved anunal This alkaloid 
acts like crgotovuie m paralyzing the endings of the sympathetic 
(thoracic-autonomic) nerve supply \Vc must suppose, therefore, 
that the so-called glycogemc center becomes stimulated when the 
blood sugar reaches a certain low level 
As to the cause for the initial fall in blood sugar, little is known for 
certain at present As judged by the rate at which sugar disappears 
from blood after its removal from the body (glycolysis) insulin does not 
have anv influence, either when it is added to the blood directly or 
when It IS injected into the animal prior to bleeding (Eadie and Jfac- 
Icod (49)) We must conclude that the sugar disappears from the 
blood because of more rapid diffusion into the tissues, consequent 
upon a lowering of its intracellular tension In other words, insuhn 
must cause a sort of vacuum for sugar to be set up in the tissues 
to fill which sugar is removed first of all from tlie blood and later, 
through the blood, from the glycogen stores of the liver Further 
evidence that insulin accelerates the rate at which sugar posses cKi 
the tissues is afforded by the fact that its addition toLoclcssolut-'n 
perfused tlirough the exased mammahan heart marked!} inneasit, 
the rate at which glucose disappears from the solution (Hepb.-nena 


Latchford (50)) 

The question therefore, is bVhat causes the vacuum fo-s-rrrr: 
tlie tissues? Since, as we have seen, insuhn leads both to jrcr*-iK; 
formation of glycogen and to increased owdalioaoi eluccteicr^t-'is' 
given to diabetic ammals, it was natural to assume tfct tfesamr 
processes must be responsible for its (hsappcaranccmrc-i=i: 3 rm 3 & 
With regard to gly cogen formaUon, however theewceerri - 
that insuhn, instead of sUmuIating tiieprovcsc, ho,- 
Less glycogen is deposited, both in the mu,vaes cs, - t-ec 
insuhn is given along with sugar toprevroj!-. 
when the same amounts of sugar arc given c„ar 

markedly reduced in amount when Esuin ^ ^"7." - , 

wUl fed animals (Dudley and.Ma-.n^ 
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bility that carbohydrate combustion is stimulated by insulin the 
evidence is not so clear, since observations on the respiratory exchange 
in different types of animal do not give entirely sunilar results In 
dogs msuhn causes a shght mcrease m R Q occurring as a rule during 
the first hour or so following its injection (i e , during the time the 
blood sugar curve is falling rapidly) but this is followed later by a 
return to the original level A rise occurs in the intake of oxygen, 
starting as a rule in about two hours after the injection of msulin, and 
the extent of this rise is more or less proportional to the dose. The 
volume of air breathed, the rate of breathmg and the pulse rate all 
mcrease parallel with that of oxygen consumption and it can be noted 
that hyperexatability of the animal and increased muscular tone, 
accompamed often with perceptible twitching, become evident at 
the same time and run parallel with the respiratory changes These 
symptoms, as we shall see later, are related to the hypoglycemia and 
can be antidoted by giving glucose When this is done the intake of 
oxygen does not become increased In one dog, and to a less extent 
in another one, Pember and Dickson several times observed that R Q 
rose to over umty (1 2 to 1 3) following insulin, but as a rule, as already 
stated, this did not occur and at present we cannot account for the 
irregularity in the results, although there is reason to beheve that it is 
related to the nutritional condition of the animal In rabbits, fol- 
lowing msulin, R Q also becomes increased and the intake of oxygen 
may either rise, or remain practically constant, or dechne somewhat 
depending upon whether or not the hypoglycermc symptoms become 
promment (53) In curarixed rabbits, in which no muscular hyper- 
tomcity can develop, the 02-mtake, according to Krogh (54) usually 
declines shghtly In mice there is a marked dechne m the intake of 
oxygen (Dudley, Laidlaw, Treven and Boock (55)) and CO 2 , so that 
while R Q may rise this cannot mdicate increased combustion of 
carbohj’-drate In man, Kellaway and Hughes (56) and also Lyman, 
NichoUs and McCann (57) found that when insulin is given m suffi- 
cient dosage to induce the earhest symptoms of hypoglycemia, R Q 
becomes raised According to Kellavay and Hughes the oxygen 
intake does not increase sufficiently so that the sugar which has dis- 
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appeared from the blood can be entirely accounted for by increased 
combustion of carbohydrate 

Taking these results as a -whole the following conclusions concermng 
the mechanism of tlie action of insuhn on normal ammals seem war- 
ranted (1) the amount of free glucose m the tissues (tension of 
glucose) promptly becomes reduced so tliat sugar is removed from the 
blood, (2) this reduction is not dependent upon a polymerization of 
glucose into glycogen, (3) it is not entirely due to an increase in the 
relative amount of carbohydrate undergoing combustion, although 
this may occur to a certain extent under, as yet undetermined, 
conditions 

It would appear, therefore, that insuhn causes the glucose to be 
converted into some substance, that is hitherto unrecognized, into 
some substance which is not precipitated as glycogen but which at 
the same time has lost its reducing properties Since it has been 
found that the inorganic phosphates of the blood become reduced at 
the same time as the reduction m blood sugar, it is possible that 
some substance related to hexose phosphate is formed It has also 
been suggested that the high respiratory quotients sometimes observed 
after insulin indicate that fat-like substances are produced (cf 
Macleod Proceedings of the Institute of hledicine of Chicago, 
rebruaty, 1923) In this connection it should be noted that Dud- 
ley and Jlaman did not find Uic amount of fatty aad in the liver 
to be changed in normal mice following insulm 

Hypoglycemic symptoms 

Wien the blood sugar reaches a level of about 0 045 per cent, in 
rabbits, pccubar symptoms supciv enc Preceded usually by a penod 
of h)perexcitabilit>, these tJien take the form of iiolent con-vulsuc 
seizures, not unhke tliose of acute asphjocia, and betw een the seizures 
the animal ma> citlier remain in a hj-percxcitable condiuon or grad- 
uallj pass into one of coma which becomes more and more pronounced 
until death of the annual In small animals, such as mice, coma and 
paraljsis arc die prominent sjmptoms Tlic s>mptoms in man are 
described elsewhere in this article (page 269) These sjmptoms arc 
immediatclj rtmo\ td bj restoring the lost glucose to the blood This 
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may be done either by injecting glucose subcutaneously, or intrave- 
nously, or by oral administration of any sugar wliich will yield glucose 
during its digestion The latter method can of course only be adopted 
when the ammal is still conscious and can swallow Injection of 
epinephrin or pituitrin also removes the symptoms, the mechanism in 
the case of the former being that glycogenolysis is stimulated in the 
liver, thus adding glucose, endogenously, to the blood This method 
should only be used on diabetic patients when it is certain that there 
is glycogen stored in the hver Glucose is remarkably specific in its 
antidotmg action Of the other monosaccharides mannose and levu- 
lose are also effective and, to a less extent, galactose The only di- 
saccharide having any beneficial action is maltose, but this is some- 
what delayed (Noble and Madeod ) 

EFFECT OF INSULIN IN EXPERIMENTAL HYPERGLYCEMIA 

As IS well known there are in general two methods by which, apart 
from pancreatectomy, the percentage of sugar in the blood may be 
caused to increase These may be classified as exogenous and endogen- 
ous Exogenous hyperglycemia is brought about by injection of 
glucose subcutaneously or intrai’-enously, or by feeding witli any 
carbohydrate which is converted into glucose during the digestive 
process, and endogenous, by the various experimental procedures 
which are known to stimulate increased hepatic glycogenolysis These 
procedures may be further divided into three groups, nervous, asphyx- 
lal and toxic Among the nervous forms are puncture of the medulla 
oblongata, stimulation of the sjnnpathetic nerve supply of the liver 
and the injection of epinephrin The asphyxial hyperglycemias 
include those due to mechanical asphjoaa, to poisomng by carbon 
monoxide and, to a certain extent, to the action of anesthetics As 
examples of the toxic forms may be mentioned morphine and the 
anesthetics 

It is significant that insulin in suitable dosage is capable of prevent- 
ing the development of hyperglycemia in all of these conditions (58) 
Tlus fact IS of importance in relation to the problem of the assay of 
insuhn, which will be discussed immediately, and it is also of interest 
from the physiological standpoint In the latter connection let us 
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briefly consider the antagonistic action of cpinephnn and insulin 
There are two mechanisms by which insulin might prevent the develop- 
ment of epmeplirin hyperglycemia, these are (1) by suppressmg the 
hyperglycogenolysis, (2) by removing from the blood the extra sugar 
resulting from this process, as quickly as it is formed In collabora- 
tion with E C Noble and M K O’Brien \ie have found, by measure- 
ment of the amount of glycogen in the liver in well-fed rabbits, that 
more of this substance disappears in a given time with epinephnn alone 
than iiitli (the same amount of) epinephnn plus insuhn, indicating 
clearly thatinsuhn inhibits the hyperglycogenolytic effectofcpinephrm 
This result is of espeaal significance since, as we have seen, insulin 
given alone to well-fed animals itsdi causes hj’perglycogenolj sis At 
the same time as it dunimshes hyperglycogenolysis, however, insulin 
also accelerates the rate at w Inch the sugar is remov cd from tlic blood, 
as IS clearly shown by its effect on the exogenous form of hvperglyce- 
mia (page 232) These observations are quoted here to indicate the 
futility of attempting to explain the mechanism of the action of insu- 
lin until mucli more is known of its effects, botli on normal and dia- 
betic animals There are already in the literature so many different 
views with regard to this question that it would occupy several pages 
to expound them and at the end we should be no nearer the truth 

PIIXSIOLOGICAL ASSAX OF INSULIN 

A unit of insuhn, as originally defined, is tliat amount which can 
lower the blood sugar of a normal rabbit weighing 2 kgm to tlie con- 
vailsive level within four hours More recently the definition has 
been modified to the extent that the animals must be depnved of food 
for twcnt>-four hours prior to being used — soas to reduce theglycogen 
stores to an approximately uniform low level Smcc it was staled by 
some chnical observ'ers that there arc certain types of cases of diabetes 
in which less than one (physiological) unit of insuhn as above defined 
IS sufficient, it was decided, on their recommendation, to consider as 
one (clinical) unit for practical puriioscs one that was one third of the 
above strength’ Tv on when precautions are taken to use animals 

* In tills article, unless othenvLe slated, one unit means the ph>*siolostcal and net th- 
clmical unit. 


vol in Jto 3 
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of uniform size and breed, and to render them free of glycogen by more 
prolonged starvation than one day, the assays are, however, not strictly 
accurate To minimize the error it is therefore necessary to use large 
numbers of animals and to base the jSnal assay on the average of the 
results In order to avoid the necessity of having to make the numer- 

ous blood-sugar estimations which this would entail, some observers 
have based their assays on the inadence of the well-characterized 
sjmiptoms, on the assumpton that these correspond to a defimte 
lowenng of blood sugar This method has been used on rabbits in the 
Eh LiUy Laboratories, varymg quantities of a given preparation of 
insulin bemg injected into a number of animals and the umtage cal- 
culated from the proportion which developed symptoms within a 
certain time The method, however, is a costly one, and since, if 
the development of symptoms is to form the sole basis for assay, it 
is evident that smaller animals than rabbits might be used, attention 
has been paid by D R Fraser (59), A ICrogh, and H H Dale, and 
J H Bum (60) to the possibility of usmg mice It has been found 
that when these animals are injected with insuhn and kept at room 
temperature the most constant results are a profound fall in body tem- 
perature and weakness, so that the animal sprawls out on its belly, 
convulsive sjmiptoms being only occasionally observed If the fall 
of temperature be prevented by placmg the am’mals in an incubator 
at 28°C , however, the symptoms are much more hke those described 
for rabbits — convulsions, coma and paralysis of the legs being evident 
The symptoms are immediately removed by inj'ecting glucose By 
taking precautions to standardize the diet which is given prior to a 
short period of starvation (eight hours) and to use animals of similar 
age (varying from 16 to 20 grams in weight) a method of assay has 
been evolved in which one mouse unit is considered as the amount 
of insnlfn which will cause definite symptoms in 50 per cent of the 
inj'ected animals (Krogh) At present certain difficulties make this 
method of assay unsatisfactory, but it is hoped that these may soon 
be overcome, since it is obvious that it would be of great value to be 
able to use these am'mals in place of rabbits 
There are, however, several serious obj’ections to the use of any 
method of assay that is based on the incidence of convulsions The 
chief of these are: (1) that different animals, although of the same 
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size, sex and breed and in the same nutritional condition are not 
necessarily of equal susccpUbihty to the development of symptoms, 
following the same dose of msubn (2) that no consideration is 
taken of the duration of the hypoglycemic effect 
With regard to tlie first of these objections it should be pointeil out 
that the symiptoms make their appearance when tlie blood sugar has 
reached about 0 045 per cent, as originally stated by us, only when 
nonstaraed rabbits are used With starved animals, tlie blood sugar 
IS usually considerably below 0 045 per cent when sjTnptoms supervene 
(cf McCormick, Maclcod, O’Bnen and Noble (61)) Thus, out of a 
total of 335 rabbits injected with insulin no symptoms were noted in 
64 in w Inch one or more of the blood sugars w as decidedly below 0 040 
per cent On the other hand it is aery seldom indeed that any symp- 
toms arc observed in starved animals before tlie blood sugar has 
reached 0 015 per cent (Macleod and Orr (62)) The relationship 
between symptoms and blood sugar may therefore be correctly stated 
to the effect that they are likely to occur when the percentage of the 
httcr has fallen to 0 045 In the light of more recent work it is prob- 
able that the frequency of symptoms at the higher levels of blood sugar, 
as observed by us in the earlier work, was due to the fact that the ani- 
mals were not starved and therefore contained considerable stores of 
glycogen By mobilization of glucose from these reserves, when the 
hypoglycemia reaches a certain critical level (see page 222), a further 
tendency to the development of hypoglycemia would be partially 
counteracted and the blood sugar thus held at a level (of about 0 045 
per cent) at which toxic effects only slowly supervene In starved 
animals, on the oUier hand, the blood sugar continues its rapid descent 
and goes below the level at which symptoms may appear before suffici- 
ent time has elapsed for the toxic condition to become developed 
The objection that no estimate is given of the duration of tlie 
hypoglycemic effect, when the assay is based on the inadence of 
symptoms, is of importance As has been pointed out elsewhere in 
this article this duration depends very largely on the amount of glyxo- 
gen stored in the body Even if wc could be certain tliat the glycco 
gen had been reduced, by starvation, to the same extent m all the 
observed animals it would not neccssanly follow that with different 



230 


\V R CAMPBELL AND J. J R MACLEOD 


preparations of insulin the h 3 ^og]ycemia must always be of the same 
duration It is possible not only that the rate of absorption of insulin 
may var 3 % but also that its hypoglycemic action may be antagonized 
or delayed by the presence of extractives from the pancreas which 
have a hyperglycemic effect In this connection it is of importance 
to remember that we have observed that extracts of the zymogenous 
pancreatic tissue of certam of the bony fishes causes an mcrease in 
blood sugar, islets being practically absent from this tissue but exist- 
ing as separate glands (principal islets of Diamare and Renme) m the 
mesentery (Macleod (29)) CoUip (63) has also observed that insuhn 
prepared by the usual methods from yeast, clams, etc , may not cause 
a marked degree of hypoglycemia until many hours after injection 
It has also been our impression that impure preparations of insulin 
have a more prolonged hypoglycemic effect than those that are highly 
purified. For aU these reasons, therefore, it is evident that the incid- 
ence of convulsions is not likely to prove a smtable method upon which 
to base the accurate assay of insulin 
Before proceeding to discuss the method dependent upon the behav- 
ior of the blood sugar it may be well to point out further that one might 
have a preparation of insulin which contained, in 1 cc , an amount of 
■insulin that was sufficient to cause a considerable reduction in blood 
sugar and yet not bring this to the convulsive level Although such 
a relatively weak preparation might conceivably be assayed by the 
convulsive method, as by givmg large injections, it is evident that the 
hypoglycemic effect could be arrived-at much more satisfactorily by 
observing the behavior of the blood sugar 
The method of assay used at present by the Insulin Committee of 
the Umversity of Toronto is earned out as follows Normal blood is 
removed from the ear vem of each of 9 rabbits which have been starved 
for twenty-four hours, and the percentage of blood sugar is determined. 
No rabbit is used for the assay whose normal blood sugar is found to 
be below 0 105 or above 0 125 per cent Into 1 of the rabbits is 
injected, subcutaneously, an amount of insulin which is expected 
to correspond to one physiological, or three chnical umts Into 
a second animal is injected an amount, about 50 per cent greater 
The other 7 rabbits are injected with amounts varjdng from shghtly 
below one unit to slightly below one-half unit. At intervals of 
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one and a half, three, and five hours after injecUon about 1 cc of 
blood IS again removed from each of the rabbits and the blood sugar 
determined The results are tlien calculated by the use of a for- 
mula which takes into consideration all features of the definition of a 
cluneal umt, as well as allowing for the duration of the effect and for 
varying weights of the animals This formula is 

Clinical units per cubic centimeter " ^ ^ ^ ^ ^ ^ 

where o is the difference between the percentage of normal blood sugar 
and the average of the percentages of the blood sugars at one and a half 
three and five hours after injection, b is the difference between the 
percentage of normal blood sugar and 0 045, c is the number of cubic 
centimeters of insulin injected, and w is the weight of the rabbit in 
kilograms The factor 1 5 is used because the original (physiological) 
umt was based on the effect produced in a rabbit weighing 2 kgm 
and the chnical umt is one-tlurd of this (i e , ,) In several of its de- 
tails the formula is more or less arbitrary This is the case mainly with 
regard to the value of a, the otlier values b, c and w being required 
merely so that the assay may conform with the defimtion of a unit 
Thus, the value a is taken as a measure of the average extent to which 
the blood sugar becomes lowered over a period of fiv'e hours followung 
the injection of insulin It might therefore be the same in two cases 
m one of wluch the blood sugar had qmckly fallen to a low level with 
prompt recovery and in anoUicr m whidi the imtial fall was not so 
steep but the recovery more prolonged These differences are depend- 
ent, as has already been explained, partly on the purity of the insulin 
preparation, partlj on its rate of absorption and partly on the fact 
tliat the mobilization of glucose from the glycogen stores of the liv er 
is not nccessanl> the same in different animals, even when these have 
been starved for twenty four hours Trobablj the most important 
reason for tins is that the liv er in some of the animals wall be dev oid of 
glvcogen whereas in others itwfll contain a small but varying amount 
It IS possible that starvation for a longer penod precedmg the injec- 
tion— several dajs for example— might minimize this source of error 
but since this weal ens the animals it would not be a jusUfiablc pro- 
cedure unless It dcadcdly minimized the errors and this, in our cxjien- 
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ence, is not the case Even supposing the glycogen weie equal in 
amount in different animals, another possible source of inconstancy in 
the rate of recovery of blood sugar is varying sensitivity of the con- 
trolhng mechanism by which this recovery is brought about When 
there is only moderate decrease in blood sugar it is conceivable that 
the threshold level (of hypoglycemia) necessary to exate a marked 
increase m glycogenolysis is not reached, the recovery m blood sugar 
which does occur in such a case being dependent on the normal sugar 
production from the liver On the other hand when the initial hypo- 
glycemia occurs rapidly and is pronounced, hyperglycogenolysis 
becomes violently excited with the result that much glucose is added 
to the blood and recovery of blood sugar is therefore prompt 
Quite apart from these physiological errors there are others depend- 
ent on the mathematical inaccuracy involved m taking the average 
of the blood sugars at one and a half, three and five hours What we 
really desire to know is the extent of the area in the curves dunng 
which the blood sugar is below the normal level and it is clear that we 
do not accurately measure this by the above method On the other 
hand, however, with such dissimilanty as exists m the results obtamed 
on different ammals towards insulin it is difficult to apply any other 
method of evaluation The choice of the intervals for the first analy- 
sis of the blood sugar, following msuhn, was based on the observ’-ation, 
along with G S Eadie (64), that the maximal influence of insulin in 
combatmg the development of hyperglyceima due to the injection of 
glucose (2 grams per kilogram body weight) is most marked when the 
glucose is injected in about one and a half hours following the insu- 
hn The interval of five hours was chosen for the last analysis 
because it was found that by this time the effect of insuhn, on starved 
animals, has usually disappeared, the three hour interval being chosen 
as intermediate between the two others In the hght of later experi- 
ence it would probably be more accurate to make the first analysis in 
one hour after the injection since at this period the blood sugar in the 
majority of starved anunals is at or near its lowest level This modifi- 
cation is now being introduced but vdll not be formally adopted in the 
assays of the Insulin Committee unless it is found that by so doing a 
greater degree of accuracy is attained 
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Another source of inaccuracy in the present method is dependent on 
the fact that it is assumed that the eUent to which the blood sugar 
becomes lowered is directly proportional to the dose of insulin or, in 
other words, that the fall in blood sugar will be twice as great when 
tile dose is doubled This is certainly not tlie case smee the action 
of insulin on the blood sugar, like that of epmcphrin on the blood pres- 
sure (cf Murray Lyon) obeys a logarithmic law, the effect of a unit 
becoming progressively less and less as the dosage is increased It 
uill be recalled that Frank N Allan has shown i similar relationship 
to exist for the glucose equivalents of insuhn on depancreatised dogs 
(page 218) We have endeavored to obtain adequate data from uhich 
to correct the present method used for the evaluation of a but without 
suffiaent success to warrant the cliange The reason for these difficul- 
ties will be perfectly evident when the blood sugar curves of a number 
of starved rabbits injected with the same or with different doses of 
insulin are examined Even when the same dose of the same insubn 
IS injected, at weekly intervals, into the same rabbit the degree of 
hypoglycemia which results may not be the same fMadcod and Orr) 
so that It IS hopeless to eiqiect that varyang doses will give dependable 
results There are evadcntly certain factors involved in the reaction 
of an animal to insuhn which we do not as yet understand and cannot 
therefore control One of these may be related to tlie body tempera- 
ture It IS significant that A Krogh has found that in mice tempera- 
ture grcatlv affects the susceptibility towards insulin (page 228) 
and we have noted tliat in rabbits Uic hyTiogly comic condition super- 
venes more rapidly when the animals arc kcjit warm Even when 
care is taken to keep the rabbits under similar conditions with regard 
to the cooling condition of their envuronment, how ever, the effects of 
insuhn arc not uniform Itis possible that more uniform results will 

be obtained by using animals of the same breed, age and sex subjected 
to similar experimental conditions We are at present investigating 
this possibility with standard white rats of the same litter 
It IS rcabred, therefore, that llicabovefactorsmake the c' iluationof 
a a matter of considerable uncertainty so tliat means must be taken to 
mmimize the error thus entailed m Uie final assay This is done by 
crajiloyang a sufficient number of animals, and at present tlie practice 
IS tliat if five out of the nine assays do not vary by more tlian 2S per 
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cent an average of these £ve is taken as the final assay Needless to 
say, if five out of nine assays do not correspond within these limits 
the assay is repeated until a majority do so The error is then prob- 
ably not more than 10 per cent between extremes As a general rule 
the higher values are obtained when small amounts of insuhn are used 
(c in formula) which of course indicates that the relationship between 
dosage and hypoglyceimc effect is a logarithmic one (see page 220) 
Sometimes with the smaller doses a result is obtained that is very 
much higher than the average of the others of the same group In 
such cases the assay is repeated on three more rabbits using this dose, 
and unless the result is duphcated the exceptional assay is disregarded 
The present tendency in carrying out the assays is to use a limited 
supply of rabbits, a record bemg kept of the exact behavior of each 
ammal in premous assays By so doing we are really making the 
assay by companng the effect of an unknown sample of insuhn 
against that of one whose effect on the same animal is already known 
Although this probably gives more constant results these are not 
entirely satisfactory, for reasons which have already been discussed 
These so-called “registered” animals are used for assay purposes 
once a week and it is of interest that they gain rapidly in weight and 
after some time begm to develop a deaded resistance towards insuhn, 
the blood sugar bemg lowered to a much less degree than previously 
was the case with the same dose, per kilogram body weight, of the same 
insulin The occurrence of convulsions does not appear to interfere 
in the shghtest degree with the well-being of the animals but neverthe- 
less it is the practice to avoid, as much as possible, giving such doses as 
will cause them The only way by which rehabihty of the assays can 
be tested is by comparing those made on different occasions from the 
same batcli of insulin 

Comparison of the physiological assay with the clinical action of 

insulin 

At first sight it might appear an easy matter to determine the num- 
ber of grams of glucose which each unit of insuhn could cause to be 
utiUzed by a diabetic patient, the so-called glucose eqmvalent For 
reasons set forth elsewhere in this article, however this cannot be 
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done unless the total dosage of insulin and the carbohjdrate balance 
of tlic patient are taken into consideration and even then it is likely 
to be inconstant because of tlie varying endogenous production of 
insulin from what still remams of the patient’s islet tissue In a \ cry 
general waj it is usually considered that in cases of diabetes of moder- 
ate sc\ enty one chnical unit of msubn is capable of causing about 1 5 
grams of glucose to be mctabohzed Even at the risk of repetition 
It should be pointed out, however, that many more grams of sugar 
would be metabolized per unit when one umt of insulin is given to a 
patient excreting large quantities of sugar tlian when several units 
are giv cn With each added umt less and less glucose per wnt w ould 
disappear from the urine For these reasons, therefore, close corre- 
spondence between the physiological assay and the chnical evaluation 
of the glucose equiv’alence of insulin, as this is ordinarily determined 
on diabetic patients, cannot be looked for On depancreatiscd 
dogs, on tlic other hand, the two assays run closely parallel partly 
because there is no possibility of the endogenous production of insu- 
lin and partly because die dietetic conditions can be adequately 
controlled 

ULTIVtATL FATt OF DEPANCRE VTIZED DOGS TREATED BY INSULIN 

The climcal history of the dcpancreatized dogs that were used for 
determination of the glucose equivalents (page 220) has revealed 
several facts of interest As has already been stated these animals 
remained in e’cccUent nutritive condition and usually gained some- 
what in weight while on a diet of an excess of lean meat (500 to 600 
grams daily) and cane sugar (100 to ISO grams daily) The only 
unphj siological condition observed, apart from glycosuria and h 3 q)er- 
gljccmia, was diat only about one-half of die ingested protein was 
absorbcil, as judged bv die excretion of nitrogen in the urine Of 
3 sucli animals, 1 lived for two months, a second for four, and the 
diird for seven months following the pancreatectomy After these 
periods in each cast, symptoms of an acute breakdown in die hepatic 
function superv ened — bile in the unne, jaundice, refusal to take footl — 
andgrcatbodilyweaknesssoon developed, ending in the death of the 
animals within a few dajs of the onset of the sjnijitoms In all 
cases the liver w ts found at autopsj to be invaded bv large quinti- 
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ties of fat — over 35 per cent of the moist weight being found in one 
case On microscopic examination the fat was found to exist as 
very large globules, particularly in the cells of the portal area, giving 
the sections an appearance not unlike that of adipose tissue In 
the few cells that contained relatively less fat, near tlie central vein, 
the protoplasm and nuclei showed some evidence of degeneration 
The symptoms and the pathological findings strongly suggest the 
action of some highly toxic agency on the liver, but it is mterestmg 
that the kidneys of the 2 animals that hved four and seven months, 
respectively, showed no signs of toxic changes, although such was 
observed in those of the animal which died in two months 
There are several possible causes for the toxic condition It may 
be related to the faulty absorption of food, due to absence from the 
intestine of the pancreatic juice That protein was most imper- 
fectly absorbed has already been stated and it is possible, as has 
also been suggested by Dr Almon Fletcher, that the bacterial di- 
gestion of the unabsorbed protein would cause toxic decomposition 
products to be absorbed into the portal blood and so act mjunously 
on the liver cells Lombroso (64a) has also noted that the absoip- 
tion, particularly of fat, becomes very imperfect m depancreatized 
dogs although it is httle impaired provided some pancreatic tissue — 
a subcutaneous graft, for example, — be left in the body, without 
any pancreatic jmce gaimng the intestine McClure, Vincent and 
Pratt (64b) have denied this influence of pancreatic tissue on the 
efliaency of absorption of fat and have stated that this remains 
tolerably normal in the entire absence of pancreatic tissue from the 
body We did not determine the extent of fat absorption in the 
above mentioned animals but we are certain that it was greatly un- 
paired, it being necessary in order to keep them m good condition 
to remove as much fat as possible from the meat which was fed. It 
is possible, therefore, that owing to the entire absence of pancreatic 
tissue from the body there comes to be a deficiency of lipase and 
that this leads ultimately to a break-do^vn m the process of fat metab- 
olism and accounts also for the faulty absorption of fat from the 
intestine which would otherwise proceed with tolerable efficiency, 
because some of the lipase earned by the blood would find its way 
through some of the secretions into the mtestmal tract Fmally, 
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however, it must be remembered that 3aundice in dogs, if not due 
to obstruction of the larger bile ducts, or to blood changes, is be- 
lieved to be invariably associated with degeneration of the hepaUc 
cells which may be due, in these experiments, to toxic substances 
derived from die bacterial decomposition of protein in the intestine 
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INTRODUCTION 

The experiments of Banting and Best in Toronto dunng the sum- 
mer of 1921 were regarded with much interest by those conversant 
with them The remarkable results of the crude extracts, (19, 22) 
the product of their experiments, upon depancreatized animals early- 
encouraged the hope that in due time the essential deficiencies pro- 
duced by ablation of the pancreas in animals might be controlled, 
thus contributing vastly to our knowledge of the physiology of car- 
bohydrate metabohsm and furmshing a basis for a renewed attempt 
at treating human diabetics How abundantly that hope has been 
fulfilled it is perhaps unnecessary to relate here We can thank- 
fully echo Joshn’s words in the introduction to diabetes m Oxford 
Medicine — “insuhn is here'” May we also hope — to stay, or per- 
haps one day to be succeeded by one of its isomers or derivatives, 
robbed of certain of its hmitations and with certain of its thera- 
peutic properties enhanced 

For human physiology the cruaal experiment must always be on 
man himself and m one sense the physician ranks as a physiologist 
of greater or less degree But not alone is the physician desirous 
of knowing. His prune duty is to reheve, mayhap to cure, and 
experimentation on man is not justifiable without substantial hope 
of ultimate reward in knowledge or information conducive to tliat 
end The splendid colJab oration of the group of workers in the 
Department of Physiology swept the animal researches rapidly for- 
ward "Udien, by means of ammal experiments, most of the essen- 
tial points had been demonstrated, the Department of Methane was 
requested in November, 1921, to test the pancreatic extracts in re- 
lie-ving human disease 

The supply of degenerated glands of dogs after pancreatic duct 
ligation and of fetal calf glands was quite insufiicient to provide an 
extensive trial in man of the extracts For this purpose it became 
necessary to use extracts of adult beef pancreas, the uncertainty of 
the supply of which, coupled with the pressure of other physiological 
problems, delayed the actual chnical trial of the extracts until Jan- 
uary 11, 1922 The first person to whom this latter extract was 
admimstered was a boy of fourteen years referred to the writer by 
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Dr Skecles of Toronto For a month prior to the actual administra- 
tion the patient had been kept on a strict stan'ation diet The 
records shon that, while fasUng, the blood sugar varied between 
0 5 and 0 6 per cent Sugar was continuously present in the urine 
and, indeed, the blood sugar level throughout the day scarcely vaned 
The patient exhibited ketosis to a marked degree On January 11, 
after blood had been taken for sugar estimation, the pancreafac ex- 
tract— a murky, hght-brown liquid containing much sediment, which 
dissolved to a considerable extent on being warmed— was injected 
into the buttocks The amount admmistercd was IS cc , a dosage 
calculated as being one-half as much as would give a defimte reduc- 
tion in blood sugar in a depancreatized dog of equal weight Some- 
what to our disappomtment the blood sugar level was reduced by 
only 25 per cent Looking back one can see as well a sbght fall m 
sugar excretion, but at the lime this was too small to be convincmg 
Production of stenle abscesses in the first patients to whom the 
extract was adimmstered made it imperative that the mixture should 
be rendered protein free The desired result was accompbshed by 
CoUip who, by precipitation of the insuhn, was also able to supply 
stronger extracts not contaimng the large amounts of salt and pro- 
tein which in the earlier extracts had caused the patients to com- 
plain of a persistent bunung sensation The chemical conditions 
essential for production of this extract were not well understood and 
at this time none of the patients received nearly adequate treatment 
Various points were inxestigatcd in different patients and suffi- 
aent data obtained to justify our prehminarj statements (30, 65) 
regarding the effect produced on some of the fundamental phenom- 
ena of diabetes mclhtus by treatment with these extracts, namely 
that blood sugar can be reduced to normal values, gljcosuna can 
be abolished, the acetone bodies can be made to disappear, the 
respiratory quotient can be made to nse decidedly and the patients 
themselves to remark their improvement At this date, moreover, 
tlie companUvelj short duration of the action of the extract, the 
occurrence of toxic rcacUons and the hmitaUon of its value to cer- 
tain tj-pcs of diabetes were referred to 
Meanwhile, tlirough the work of a team of workers (23, 21, 66, 
3=;, 32, 67) in tlic departments of Physiolog}' and Pathological Chem- 
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istty, the problems of standardization of insulin and its effects on 
laborator}’- animals were prosecuted dihgently As a result it was 
found that the lowering of the blood sugar, which was first observed 
by CoUip to occur in normal rabbits, could be made the basis of assay 
It was also found that the pecuhar toxic symptoms which super- 
vened after large doses of insulin were dependent upon the h}^o- 
glycemia and could be immediately antidoted by glucose Coor- 
dinated rapid solution of particular problems, coupled vuth prompt 
commumcation of the results to aU members of the group, encour- 
aged aU to beheve that the individual difficulty confronting each 
worker would soon be surmounted and to hope for the ultimate 
production of suffiaent extract to undertake more detailed investiga- 
tion of the problem in man 

Shortly after the pubhcation of the prehminary clinical report an 
attempt was made to produce insuhn on a larger scale Unfortu- 
nately, though small quantities could be obtamed by reverting to the 
experimental laboratory apparatus, a great many failures resulted 
before tlie larger sized apparatus gave practical yields, and the clin- 
ical work by the Department of Medicine was virtually discontinued 
for a time 

During the summer of 1922 investigation of insuhn was started 
in the Christie Street Mihtary Hospital and in the Hospital for Sick 
Children, Toronto, by Dr F G Banting, and recommenced m the 
Department of Medicine of the Toronto General Hospital As soon 
as it became possible to obtain pancreatic extract, or insulin as it 
was now called, for additional patients the most severe cases were 
admitted and treated Those who through circumstances were un- 
able to pay, received treatment m the public wards of the Toronto 
General Hospital, while an equal number of the more affluent were 
treated in wards espeaally reser\md for them By this means it 
became possible to limit our attention to a series of most severe 
diabetics who not only needed the msulin the most but also fur- 
nished the most seardiing test of its efficiency The patients all 
realized that they were embarking on an experiment winch might 
be of great benefit not only to themselves but to other sufferers 
from the disease and that a most strict adherence to the minutiae of 
treatment was necessary" if the results w^ere to be of any value To 
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their credit it maj bo said that I ha\c not previously experienced 
such satisfactorj cooperation on the part of patients Thanks are 
due to the autliorities of the Toronto General Hospital, tv ho pro- 
\ided speaal nurses, extra dietibans, assistants and supplies suf- 
fiaent to carry out this investigation and cooperated in every pos- 
sible way to make it a success 

We were certain that, if insulin were properly applied, a new 
chapter in tlie treatment of diabetes would be opened How to 
prevent it from being exploited and, through ill-advised treatment, 
from falling into disrepute was a problem which the Insulin Com- 
mittee solved by plaang it in the hands of some of the eminent 
specialists on diabetes in the Umted States Owing to the supphes 
being limited at first it was necessary to restrict its distribution to 
a few, but later the numbers investigating its Use were gradually 
expanded as the production of insulin increased To these, our col- 
laborators, we arc grateful for their kindly assistance and lojal sup- 
port Among so man> wiUi somewhat diffenng views regarding 
diabetes, there hav'c naturally ansen differences of opinion as to 
methods of treatment, but underlying all these is a fundamental 
confirmation of our onginal thesis (30, 65), winch has firmly es- 
tablished the therapeutic value of the drug 
The second climcal paper (68) on insulin was based on axpcrience 
derived from the treatment of more than 50 patients with severe 
diabetes In general it may be said that the results of Uie treat- 
ment of tlie larger number of cases complctclj confirmed the ten- 
tative conclusions readied in the prebmmaTy paper Adequate sup- 
plies of insulin permitted a much more prolonged trial m a number 
of indivaduals and showed that no untow'ard effects need be an- 
ticipated from its continued use Glycosuria was successfully con- 
trolled and tlie blood sugar maintained at normal levels for long 
penods I he acetone bodies were burned under the influence of the 
insulin and many cases of severe aodosis recovered Six patients 
m whom complete diabetic coma had developed recovered after its 
use, while four died, one due to insulin shortage and the other three 
to compile itions Uncertainty of standiirdiz.ition, deterioration of 
extracts, ns well ns imperfect balance between insulin and ingested 
carbohvdrate gave nsc to a considerable number of peculiar re it- 



242 


W E CAMPBELL AJSTD J J. B MACLEOD 


tions associated with hypoglycemia in patients under insulin treat- 
ment. This condition in man, which in many ways resembles the 
h3rpoglycemic state in animals, was studied and described together 
with its treatment 

Notwithstanding the excellent control of the chemical phenomena 
of diabetes the greatest interest centers in the improvement in the 
general condition, mental and physical, of the patient In these 
severe cases the improvement was remarkable and can only be com- 
pared to that produced by another internal secretion — thyroxin in 
myxedema cases The mental state of hopeless, irritable depres- 
sion, almost melancholia, characteristic of the advanced, emaciated 
diabetic gives way to a spirit of cheerfulness and optimism In- 
somnia becomes less troublesome and interest in his surroundings is 
reawakened The feehng of lassitude or early exhaustion after shght 
exerase disappears The carriage of the patient improves and phys- 
ical vigor is gradually restored Thirst is no longer excessive and a 
state of continuous hunger is replaced by a sense of comforting ful- 
ness with an appetite for meals The body weight can be caused 
to increase at will and many of the patients in a veiy short time 
have been able to return to their former work In the case of pa- 
tients with infections insulin was found to confer a defimte benefit 
A number of suggestions as to the use of insuhn in treatment are 
incorporated in the paper 

In the two earher papers a number of points received only brief 
mention More detailed presentation of the results of the invest- 
igation of insuhn appeared with the papers of our earher collaborators 
in the November-December, 1922, number of the Journal of Meta- 
bolic Research The remainder of this article will be concerned 
largely with a review of these papers (69, 34, 70, 71, 45, 72, 73, 74, 
46, 75) since in them is to be found first reference to the effect of 
insuhn on certain phenomena of diabetes To many other authors 
we are indebted for confirmatory data which it is not possible to 
review in detail 

General tnjormation 

Insuhn, a substance widely distributed throughout the ammal king- 
dom, is usually derived from the pancreas of mammals or fishes 
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Its function is to promote the conbustion of carboh> dratcs It is 
obtainable commeraallj as a sterile standardized solution in \arious 
strengths, five, ten and luenty umts per cubic centimeter It also 
can be prepared in the form of hypodermic tablets (Krogh, McCor- 
mick and Noble (CO)) Apart from the decreased cost it may be 
expected that these will prove of ^aIue because of their greater 
stability especially in \erv cold or very hot climates Under or- 
dinary conditions of temperature insulin solutions arc stable for long 
periods vitliout espcaal precautions The physiological assay of 
msuhn is discussed in the first part of tlus paper and hereinafter the 
clinical unit is the imit of measurement of the hormone 

Adtmntslralton oj vtsuhn 

Insulin, as was shown by Banting and Best m their original com- 
munications (19, 22), IS easily destroyed by incubation with pan- 
creatic juice Peptic activity likewise rapidly destroys its action 
lasts of insulin administered by moutli have been made by Banting, 
by Woodvatt (40) and by’ Joslm (71) mtli negative or almost neg- 
ative results The slight and vanablc activnty found in some in- 
stances when given by this patliway is probably dependent upon 
early absorption of a portion of an enormous dose Woody att (46) 
also conducted experiments in which oral, rectal, vaginal and intra- 
nasal administrations w ere giv enasvvcll as inunctions 1 hose methods 
yielded very’ weak, doubtful or negative results My own evpen- 
mcnls (unpubhshed) with msuhn by inunction show a slight ac- 
tivity of the substance when aonunistered in enormous doses Tel- 
ler (76), in rabbits, obtained positive results after rubbing insulin 
into the shaved skin of the animal These results have been dup- 
licated by ^laclcod and McCormick (60) The procedure deserves 
further investigation, both ns a meins of prolonging tlic action of 
msuhn and also is a method of produang a quite definite feeling 
of well being in sonic patients who do not show distinct evidence of 
requiring insulin For this purpose a much cheaper and less refined 
prejiaration could he used 

In the vv erage case of diabctc's insulin is best administered hypo- 
ficrmically The intravenous nicUiod is only used to obtain rapid 
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effects in cases suffering from diabetic coma The needle should be 
fine and very sharp — } inches 27 to 29 guage needles are the best— 
and the insulin injected through cleaned skin into the subcutaneous 
tissue A little pressure may be used to numb the skin but great 
care should be taken to cause as little trauma as possible Par- 
ticular attention should be given to the introduction of the needle 
into loose subcutaneous tissue Any part of the body where this 
is available is suitable, pressure points should be avoided Insulin 
must not be inj’ected into the skin as marked redness and stinging 
and sometimes, in the emaciated patient, necrosis of the skin develops 
In all probability this is due to the preservative used The injection 
must not be made into the muscle tissue as it is not only painful but 
gives rise to swellmg and long continued mduration Boivie and 
Robinson (77) have shown that degeneration of the muscle fibres 
with a leucocytic invasion occurs in such areas Similar micro- 
scopic appearances are presented by many other substances injected 
into muscle The ultimate condition appears to be fibrosis in the 
muscle 

The time of adimnistration of insuhn is important in relation to 
the size of the dose and the efficiency with which it supplements the 
internal secretion of the patient’s pancreas Under normal condi- 
tions the blood sugar m man is maintained at relatively constant 
levels save for periods following meals, during which food is being 
absorbed Coinciding with this we have, m all probabihty, a con- 
tinuous production of insulin with a peak of production at the penod 
of absorption of carbohydrate In cases of mild diabetes these latter 
periods are the only ones in which the production is hkely to prove 
insufficient so that glycosuria results With severe diabetes gly- 
cosuria is constant, though the percentage excreted after meals is 
higher than at other periods of the twenty-four hours In using 
insuhn it would, of course, be ideal if it could be supplied so as to 
imitate the natural process but tins would mean continuous injecPons 
or adoption of some method of delaying absoiption Experience 
has shown that insuhn can develop its full therapeutic value wffien 
it is given at any time of the day pro^nded a smtable amount is used 
for the particular needs of the individual For the large majority 
of patients, how'ever, msulin is best given in the half hour just pre- 
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vjous to meals This permits the insuhn to neutrahre the In-per- 
ghccmic effect of the meal In most cases, with diets contaimng 
somewhat less than one-thinl of the carbohydrate in tlie breakfast, 
one-third m the noon meal and the remainder m the e\ening meal, 
It IS possible to divide the msuhn mto tw o equal doses and administer 
til CSC before breakfast and before the ca ening meal 
In certain patients, however, the proportion of tlie insuhn re- 
quired at each injection may not be the same, and it has to be re- 
membered that hj^ioglicemia must be avoided just as carefully as 
hvpcrglj cemia and gljcosuna The morning dose of insulin given 
when the blood sugar is at the fasting level is absorbed in sufiiaent 
time to prevent gljcosuria as a result of breakfast, and the latter 
delays the fall of blood sugar due to tlie insuhn MTien minor hvpo- 
gljcemic reactions do occur thej’ are most often noted at 11 30 a m 
to 12 00 noon, and ate quicklj antidotcd by any easily absorbable 
carbohydrates present in the noon meal Lyon’s (78) apparently 
different results are, I behove, dependent upon the fact that he permits 
high morning fasting blood sugars so that glvcosuna occurs when 
the insulin is giv en at the same tune as the meals He recommends 
insulin two hours before meals This is an inconvenience which 
should be av oided in the case of most patients 

The penod from the evening meal to breakfast is the longest time 
elapsing without replenishment of the carbohy drate supply Provided 
sufficient insulin is available when energv is required, carbohydrate is 
burned in preference to other foods This process mav use up the 
supply of carbohydrate and leave only fit and protein to be burned 
during die early niorning hour- It is not unusuil for a slight kclo- 
nuna to dev clop at this time The same process might cause a greater 
liability to hypoglycemia during this period and this condition might 
be very’ dangerous if it occurred during sleep Tor these reasons 
a larger portion of the carbohy drate is prescribed in the cvemngmea! 

Should the insulin requirement exceed forty to fiftv units it is 
usuallv bcller to divide the day’s allowance into three or more do--cs 
L’nlcss these patients are te-ceivmg diets quite high in total glucose 
tliev will usuallv be quite severe cases with litUe or practically no 
tolerance tor carbohydrate, and the most suitable bme for injecting 
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the doses may require very careful investigation Often they may 
be given just before each meal, though the quantities should not be 
equal at each meal 

The practical utility of a method in which but one dose of insuhn 
is administered daily has led Fletcher and the writer on many occasions 
to test its efficiency. When large doses must be given this method 
IS unsuitable since the patients develop hypoglycemia more often, 
and when the relatively short period of the action of insulin has 
passed, hyperglycemia, and often glycosuria, develops With one 
dose, also, the total amount of carbohydrate burned is less than with 
several doses The carbohydrate eqmvalent of small doses of insuhn 
has also been shown by Dr Frank Allan, (43) working in Professor 
Madeod’s laboratory, to be decidedly greater than when larger doses 
are given Dr Fredenck M Allen’s (75) objection may be quoted 
‘ ‘Even if aU food in excess of the patient’s tolerance be added to a 
single meal following this injection the fact remains that this food 
is only partially burned at the time and is largely stored as glycogen 
and other reserves which create demands for msuhn after the single 
dose is used up ” He favors two doses in the milder cases, three 
(before each meal) in the more severe, and four (i e every six hours) 
in the most severe cases In connection with the last dass of diabetic 
it should be noted that, in one most severe case apparently with 
zero tolerance, insuhn was given as often as every four hours 

Other investigators have adnumstered insulin somewhat differently. 
Fitz, Murphy and Grant (73) give it two to three times daily, an 
hour to an hour and a half before meals Williams (72) has induded 
charts in his artide showing the superiority of three doses of insuhn 
daily Wood5’'att (46) expresses the view that one injection daily 
is suffident in 90 per cent of his cases, though occasionally two doses 
are employed Wilder (45) beheves that maximal results are obtained 
with a single injection, thirty minutes before breakfast Barborka 
(79), wntmg later from the Mayo Clinic, favors a smgle dose when 
this does not exceed thirty units per day, and twenty-five units before 
breakfast with the remainder of the insuhn at 3.00 p m if more than 
thir ty units are necessary. Joshn (71) and his associates make use 
of two doses of msulin before breakfast and supper m the majority of 
their cases. 
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\Vc have not been able to obtain satisfactorj results with the single 
dose method when the daily requirement e\cceds ten umts Ob- 
jection has already been taken to some of tlie methods mentioned 
above on theoretical or practical grounds These objections are 
obviously founded on ideals of treatment of the diabetic Since 
tliere is not uniformity of opinion among the various groups of workers 
who have used insulin, with regard to methods of administration, 
It may be of service to note here the general principles which have 
guided the treatment as given in Toronto In the opinion of the 
writer these include the principle of adequate nutrition and sufficient 
food on whicli to do light work since, faffing cure, this alone ac- 
complishes the maximum result — conversion of the patient into an 
economic asset Adequate rest to the pancreas is essential to prevent 
deterioration of tolerance and can only be accomphshed by keeping 
tlic patient agly cosunc and his blood sugar reasonably near the normal 
lev el Excessiv e caloric intake in all diabetics should be discouraged 
Maintenance of patients at or 10 per cent below the normal weight 
IS desirable For many cases insuhn will be necessary to accomplish 
tlicse results but for a v ery considerable proportion of patients dietetic 
treatment alone is necessary' 

The fundamental pnnaple underlying treatment is tlius a thera- 
peutic one and we are the less concerned over the question of under- 
nutntion since insulin can be used to replace the wanting endogenous 
secretion of the pancreas in those patitnts who prcvaously could 
not be made aglycosuric watliout subjecting tlicm to marked under- 
nutntion That marked undcr-nutrition possesses any' mystenous 
bentfiLs for the patient who has sufficient tolerance, after eight years’ 
use and observation of the method, I frankly do not believe WTiy 
It should now be employed when insuhn is available is not clear 
Arguments based on the markedly increased amount of msulm re- 
quired for maintenance of a patient agly cosunc w hen on higlicr diets 
are wholly fallaaous since lliey take no account of the chcnucal law 
undcrlving tlie action of insuhn (Sec preceding pages (frank 
Allen, pp 218etseq)) 
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Sensilizahon to msulin 

In the earliest preparations sensitization to the proteins of the 
particular animal furnishing the pancreas was to be feared and, when 
our first patient returned to us in a state of severe acidosis bordenng 
on coma -with very marked dehydration, considerable care was taken 
to avoid producing an anaphylactic reaction Desensitization 
precautions (Besredka method) were used Fortunately no evidence 
of sensitization has appeared in this patient, though it is now two 
years since pancreatic extract was first given, and insuhn has been 
given daily during the last sixteen months. In the large majonty of 
patients sensitization phenomena have been entirely absent The 
occasional case, however, has sometimes shown a slight urticaria 
and, indeed, one particular batch of insuhn, produced in the hottest 
part of last summer, showed particularly irntant quahties for a number 
of patients Much more rarely marked swelling, itching, wheals, 
or even pain has been produced Local apphcations of saturated 
magnesium sulphate solution, saturated soda bicarbonate solution and 
1 per cent phenol have given local relief in these cases Adrenabn 
has been tned wuth temporary success Calcium chloride internally 
has not proved of value One’s impression is that these phenomena 
are steadily dimmishing in number with the increasing purity of the 
insuhn 

Sometimes, however, patients continue to show these sensitization 
phenomena even when the purest insuhn obtainable is used In 
such cases insuhn should be obtained from anotlier source or de- 
sensitization methods, as apphed to hay fever sufferers, should be 
tned There may be, however, a residual group who will respond 
to any h)q)odennatic medication, protein or not, with phenomena 
simulating the allergic type These cases, which Professor Macleod 
is inclined to regard as a sensitized reflex rather than true allergy, 
will probably be merely of a local nature Thus far we have not had 
to deal wuth such a case Wilhams (72) has reported a case of sensitiza- 
tion to insulin with Very marked symptoms — sweUing of the lips, 
urticaria, wheals and very marked -weakness and prolonged prostra- 
tion, and finally, exfoliation of the skm occurnng on the substitution 
of one make of msuhn for another The lungs and heart -were not 
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affected Continuance of the insulm. ongtnally used has not induced 
sensitivity to beef insulin 

Geyelin (74) mentions mild serum sickness in 3 children, with suc- 
cessful desensitization to the insuhn in 2 cases, the third apparently 
being very mild and cleanng up spontaneously Wilder (45) and 
lus associates record severe protein reactions with 3 cases treated 
with the earlier preparations urticarial rashes, nausea, \omiting, 
cpigastnc pain, diarrhea and profuse sweatmg are noted, together 
with reddening of the eyes, puffiness of the face and alterations in 
pulse volume and heart rate As illustrating the idiosjncrasy of 
patients one of W ilder's cases received a small dose of a certain prep- 
aration which caused severe anaphylactic symptoms We employed 
120 cc of the same solution, which was of low potency, intravenously 
in one dose in a coma case without deleterious effect. The patient 
recovered Joslin (71) also mentions four protein reactions None 
of our cases have had protein reactions so severe as those noted above 
Their possible occurrence, however, should be remembered by anyone 
becoming responsible for insuhn treatment in a diabetic 

Carbohydrate equivalent of mstilm 

The undoubted value of insulin as a therapeutic agent has led to 
attempts at assaying the umt m tenns of carbohydrate metabolized 
This problem was first attacked from the chnical side since its practical 
importance is so great The most illuminating and valuable work, 
however, is that done in Professor Madeod’s laboratory by Dr 
Frank Allan (43), working witli depancrcatizcd ammals This 
has already been fully discussed by Professor Macleod in the preceding 
pages Particularly suggestive is the formula developed since it 
corresponds to the law of enzyme action iMso Uie form of the cure e 
helps to e-vplain tlic dinical results obtained since all those presenting 
data on tlie subject are making use of a very similar type of diet, 
while those denying the possibility have employed most erratic 
dietetic procedures That it makes a difference from whence the 
sugar IS densed, all wiU agree Wilder (45) has speaficaUy stated 
that strict adherence to low protein diets increases the reliability of 
the results 
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On a prion grounds tlie appraisal of the carboh3fdrate equivalent 
of insulin in clinical cases can never be wholly satisfactory’^ The 
patient, unlike a totally depancreatized animal, may possibly show 
fluctuations in the endogenous insulin production from time to time. 
Extraneous factors also play a part Early or mild cases are not 
dependable. Desugarization ma\’ result in a rising in?^n1in production 
\^'oodyatt (46) selected cases with long metabolic records with rel- 
atively* fixed tolerance and placed them on regimes which permitted 
the steady excretion of 20 to 30 grams of glucose daily The iTT^uhn 
was then administered and the decrease in glucose excreted divided 
by’^ the number of units gave the burning pon er of iusnlin per umt 
A confimatoiy’’ test, discontinuing the insulin and determimng the 
glucose excretion was then performed to make sure there was no 
increased endogenous insulin production 
Wilder (45) also used selected patients, free from infections or 
other complications placed on a basal maintenance food mixture 
Average results of several days were used The patients alway’S 
showed appreciable gly’cosuria. The basal tolerance was determined 
by subtracting the amount of glucose excreted from the total glucose 
value of the diet and the diet then increased a defimte amount for 
several days until sugar and nitrogen output became reasonably 
uniform Insulin was then admimstered and the amoimt of additional 
glucose metabolized credited to the insulin administered According 
to this method the unit assays between 1 and 1 5 
The precautions suggested by the above writers in determimng 
carbohydrate equivalents are well taken In Toronto the problem 
has been approached a little differently though the results are of the 
same general order. In fact when allowance is made for the fact 
that the insulin used by these workers (Betin) was of lower umt 
x-alue than that used in Toronto, Wilder's (45) results are the same 
as Campbell and Fletcher's (SO) Woodyatt’s (46) results are a 
little lower but this may be explained by* the fact that he makes 
use of 1 gram of protein per kilogram of body weight, whereas both 
Wilder and ourselves have used two-thirds of a gram of protein per 
kilogram body weight Dr. Frank Allan's results seem to indicate 
that a lower carbohydrate equivalent would result when protein 
constitutes a high proportion of the total calories 
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The carbohj dratc equivalent of insulin seemed to us ineamngless 
except from the therapeutic standpoint in relation to a particular 
type of treatment As, in Toronto, the abohtion of glycosuria and 
the maintenance of normal blood sugar was regarded as an essential 
in adequate treatment of tlie disease it seemed of value to learn the 
poll er of insulin to induce glucose combustion under these conditions 
It lias early noted that marked artenosclerotics gave discordant 
values Infection in a diabetic, the presence of acidosis, of emacia- 
tion or dehjdration, also high tliresholds of excretion for glucose were 
found «to disqualify patients for testing purposes To ax'oid inclusion 
of the clTcct of a spontaneously rising tolerance for carbohydrate 
it IS nccessar}’ to keep the patient a sufficient period of time on a 
definite diet to shoir that tlus factor is absent The diet ii as increased 
ind the amount of msuliii required to balance the extra carbohydrate 
and to bring the blood sugar to the same level then determined 
The total extra glucose dixaded by units of insubn then corresponds 
to the carbohydrate equivalent of insulin In applying this method, 
however, it was found that the result was practically identical with 
that obtained by divading the difference between the tolerance for 
carbohydrate on a basal diet and the total glucose of the diet 
(the number of grams of glucose excreted) by tlie number of units 
of insulin used to maintain the patient sugar-free The results, 
using batches of insulin with assay of which we were reasonably 
sure, gaxe an average value for the carbohy'drate equivalent of 2 2 
grams per unit In a senes of fifty-three mild diabetics Joslin (SI) 
found the average carbohvdratc equivalent to be 2 grams per unit 
(Joslm, cd iii,p 41) Major (82) also finds tlie same value 

The clinical significance of knowing tlie glucose equivalent lies 
in the fact that most patients treated on the usual types of diet can 
be given a dose of insulin calculated so as to make tliem agly cosunc 
and can then be maintained in tlus condition by a somewhat smaller 
dose Tlius, the average number of grams of glucose excreted on 
a diet supjilyang the basal requirement in calories divided by 1 S’ 

’ rb s faclor is denied from expenen'x: It mav be su-xcsled lint the excels insjlm 
per cen ) over nnd aboic the cirhoh>dratc ertunwlent of the rhico-c cxcrcled w 
O'Ml to mewlwhec the escesi Wood nnd tessuc sugar Suppose the Wood sugar in a 
M tgn diabetic is 0 3 per cent, i c , 0 2 per cent al>oi c the normal 11. tissue sugar 
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gives the dose of insulin required for rendering the patient aglycosuric 
Grains glucose excreted . 

gives the average dose of insuhn required to 

maintain the patient sugar-free in the absence of other comphcating 
factors By apphcation of these principles much of the usual, prolonged 
and elaborate methods of treatment become unnecessary. Certain 
cases when treated according to these principles may beocme sugar- 
free but not attain suitable fastmg blood sugar levels, and it becomes 
necessary to add two umts of insuhn to the dail}’' dose for each 0 01 
per cent if it is desired to lower the blood sugar A variation in tins 
rule is useful in judging the increase in diet allowable m a patient on 
dietetic treatment If, for instance, the blood sugar level is 0 08 
per cent it wiU not become excessively high (over 0 12 per cent) if 
10 grams of carbos and 40 grams of fat are added (The total glucose 
in such an increase is 10 + 10 per cent of 40 = 14 grams, f = seven 
umts required to metabohse the increase, } — 0 035 per cent = 
maximum increase in blood sugar produced by the addition to the 
diet 

Sherrill (84), in a long paper, assembles evidence to demonstrate 
that, under widely varying conditions, the carbohydrate equivalent 
of insulin shows very marked differences not only in different patients 
but also in the same patient under different conditions He also 
states that glycosuna and insuhn requirement are governed to a 
very important degree by the total caloric value of the diet No 
especially powerful glycosuric influence of protein, either because 
of its specific dynamic action or supposed toxic action, was found 

Frederick M Allen (85) also discusses the insulin requirements 
under vanous conditions, particularly the amount of fat used and 
the total calories in the diet He believes that the insuhn requirement 
of the organism is governed by carbohydrate, fat and all other elements 
entering into the diet or metabohsm The need for insuhn is related 
quantitatively to the body mass as well as the amount of food to 

IS somewhat less than this level (according to the work of Palmer (83)), say 0 1 per cent 
above normal In such an instance the body would contain 60 gms of sugar, requinng 
insuhn for its metabolism There are, however, many other possibilities open, eg, 
the endogenous production of insulin may decrease when the stimulation due to t e 
overload is removed In any case the dose of msuhn must be promptly reduced to a 
lower value when the patient becomes sugar-free 
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be metabolized These observations support the behef that insulin 
IS the true internal secretion of the pancreas The under-nutntion 
treatment of diabetes as opposed to other dietary procedures, is 
held to be justified Credit must be given Allen and Sherrill for 
assembhng such a mass of data showing the vanation in carbohydrate 
equivalent under different conditions It is, in a way, confirmatorj' 
of the work of Frank Allan, referred to above As the carbohydrate 
eqmvalent of insulin in man was determined for the purpose of a 
systematic treatment of diabetes and it was recognized that varying 
the conditions altered or abolished its value, the polemical character 
of these papers seems to be unjustified That tlie insuhn requirement 
IS related to body mass as w ell as the food to be metabolized is a 
broad deduction from the evidence presented The interrelationship 
between the numerous factors with winch insuhn is assoaated will. 
It is hoped, become much clearer as the result of investigations now' 
proceeding In tlie meantime Allen and Sherrill’s results are quite 
consistent witli chemical laws, such as the mass law and the law of 
enzyme action 


EFFECTS or INSULIN ON METABOLISM 

Many investigators have contributed information of value in 
regard to tlie alterations of the metabohsm of diabetics under insuhn 
Interpretation of some of the results is by no means simple in tlie 
present state of our knowledge and it is not assisted by the fact tliat 
some investigators have employed their results mainl> as arguments 
for some particular thcorj' regarding tlie cause or treatment of diabetes 

Respiratory mclaboltsm 

Particularlj interesting arc the results on tlie respiratory me- 
tabolism, though these must be interpreted with the greatest care 
So manj fallacies anse in this work that, in all probabibt>, we must 
await the results of a prolonged study of the complete metabolism 
of a severe diabetic in a cliambcr calonmcter before all details can 
be elucidated Quite apart from technical errors of analysis, such 
details as the physical condiUon of tlie patient, ovcr-breatlung, tlie 
presence or absence of acidosis, dchjdration, infections or other 
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EFFECTS OF INSULIN ON METABOLISM 

lany investigators have contributed information of value in 
ird to the alterations of the metabohsm of diabetics under insuhn 
erpretation of some of the results is by no means simple m the 
sent state of our knowledge and it is not assisted by the fact that 
1C investigators have employed their results mainly as arguments 
some particular theory regarding the cause or treatment of diabetes 

Respiratory metabohsm 

Particularly interesting are the results on the respiratory me- 
ohsm, though these must be interpreted with the greatest care 
many fallaaes arise in this work tliat, in all probabihty, we must 
ait the results of a prolonged study of the complete metabolism 
a severe diabetic in a chamber calorimeter before all details can 
elucidated Quite apart from technical errors of analysis, such 
ails as the physical condition of the patient, o\er-brcatlung, the 
:sence or absence of acidosis, dehjdration, infections or other 
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complications, the duration and seventy of the disease, the protein, 
fat and carbohydrate stores of the body, together with the influence 
of food, will have a marked influence on the result Without doubt, 
some of the discrepancies noted are due to these factors The psychic 
factor IS so obviously important that all investigators have endeavoured 
to rule it out, but the fact remains that insuhn causes such a marked 
change in the mental state and the physical vigor of the patient that 
it is diflicult entirely to accomplish this 

Some preliminary observations made in Toronto (30) on severe 
diabetics, showed a rise in the respiratory quotient from 0 72 to 0 91 
and 0 94 and similar values, after admimstration of insulin This, 
alone with observations on diabetic dogs (35), was accepted as a part 
of the e\adence that insuhn actually causes combustion of carbo- 
hydrate in the diabetic orgamsms Having established this fact, 
it was not considered advisable to continue further with the respiratory 
studies in Toronto since to do so on an adequate scale would have 
entailed a greater expenditure of tune than seemed advisable in face 
of the many other problems that aw'aited investigation, especially 
since others inveshgating the action of insulin, such as Wilder, Boothby 
and Joslin, were in a more favorable position to prosecute work in 
this field. 

Wilder, Boothby and their as^oaates (45) mvestigated the be- 
havior of the respiratory quotients of two diabetic patients when 
given glucose or levulose, with and without insulin When glucose 
was given without insulin no rise in respiratory quotient occurred 
and, indeed, a slight fall is recorded in one of the cases With levulose 
alone there was a distinct and immediate rise in the respiratory 
quotient though to a less extent than in normal persons 

With glucose and insulin a definite though delayed increase was 
observed in the respiratory quotient m one case; in another the 
increase w’as within the limits of experimental error With levulose 
and insulin, on the other hand, the rise in the respiratory quotient 
is immediate and well-marked This appears to indicate that le\m- 
lose is more easily utilized by the diabetic organism than glucose and 
may be the explanation why levulose is so inefficient in controlling 
hjq)Oglycemia (80). Wilder and Boothby suggest that the effect 
of insulin is to convert carbohydrate into an easily oxidizable and 
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polymerizable form and the ketose, levulose, is closer to this reactive 
form than is the aldose, glucose The specific dynamic action of the 
two sugars is about the same with and without insuhn, the levulose 
curve being tlie higher in both instances No evidence of a permanent 
rise m the basal respiratory quotient was noted The basal metab- 
olism was also httle changed 

Joshn, Gray and Root (71) report an average mcrease in basal 
metabolism of 9 4 per cent Three out of eleven cases showed no 
increase — 1 case show ed 24 per cent increase — basal metabohsm 
Using smaller doses of msuhn than Wilder and his associates and 
admimstering a mixed meal of protein, fat and carbohydrate, Joshn 
found, in some instances, that the respiratory quotient rose to a 
very moderate extent and, m another instance, when successive 
doses of insuhn were used, from 0 81 to 1 02 There was a marked 
increase in the basal metabohsm accompanying this nse in respiratory 
quotient In one instance the ingestion of levulose alone caused a 
greater rise in respiratory quotient than w hen insuhn w as administered 
at the same time The high respiratory quotient, however, persisted 
longer in the experunent in which insuhn was used The basal 
respiratory quotients before and after a penod of insuhn treatment 
show increases so small as to bring them wnthm the himts of ex- 
perimental error 

Titz, Murphy and Grant (73) report the effect of insuhn on the 
respiratory' quotient in 4 cases of diabetes In all of them the respira- 
tory quotient was defimtely increased In two cases the respiratory 
quotient was still comparatively high on the third day following 
mjection of the insuhn This suggests the possible storage of carbo- 
hydrate m a form utdizable by the body or a prolonged action of 
the msuhn After fourteen days without msuhn the respiratory 
quotient returned to 0 73 — level charactenzmg severe diabetes 
Basal metabolism was not markedly affected except in one case where 
the total calories per hour rose from 32 to 41 

McCann, Hannon and Dodd (86), m several cases show the imtial 
decrease m the respiratory quotient when glucose is admimstered 
after insuhn, as previously shown by Wilder and assoaates As 
msuhn Ueatment progressed it is intcresUng to see this pecuhar fall 
gi\ e place to a distinct nse in the respiratory' quotient 
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Kellaway and Hughes (56) have contributed observations on the 
effect of insuhn upon the metabohsm in a normal person A medical 
graduate volunteered as the subject Two experiments were carried 
out with ten and eight rabbit doses of insuhn respectively. Defimte 
increase in the respiratory quotient occurred coinadently -with the 
fall in blood sugar, as had previously been found in diabetes The 
observed increase in oxygen consumption affords definite evidence 
of increased combustion of glucose The authors contend that the 
rise in the respiratory quotient is due in part, to transformation of 
glucose into some complex that is poor in oxygen Though it is not 
unlikely that tliis is sometimes the case, calculations based on their 
data fail to lend support to the hypothesis 
Lyman, NichoUs and McCann (57) determmed the respiratory 
quotient and heat production in 5 normal men and 7 diabetic patients 
before and after insuhn administration In aU cases the respiratory 
quotient rose and the heat production increased Epinephrin caused 
a rise in the respiratory quotient and heat production possibly because 
of overventilation Adimnistration of the two drugs simultaneously, 
or following each other, on the whole produced a less variation from the 
basal values for respiratory quotient and heat production than when 
either was administered alone The alterations in the metabohsm of 
diabetic subjects were not as marked as in normal men 
Davies, Lambie, Lyon, Meakins and Robson (87) found a decrease 
in the respiratory quotient after insuhn admimstration in a patient 
with acidosis and suggested that the destruction of blood ketones 
leaves alkah free to combine with some of the carbon dioxide produced 
In a second case the respiratory quotient rose decidedly following 
tlie injection of insuhn The bicarbonate reserve was, in this case, 
nearer the normal than in tlie previous instance 

Rabinowitcli (88) has published a table showing the effect of sixteen 
umts of insulin on the respiratory quotient, the sugar, acetone and 
CO 2 combining power of the blood, together AVith the titrable acid 
plus ammonia and tlie glucose of the urine collected at short intervals, 
in a severe case of diabetes with acidosis The respiratory quotient 
rose steadily from 0 724 to 0 804, coincidently with a fall in sugar 
and acetone bodies and an increase in the CO 2 combining power of the 
blood The excretion of sugar and acid decreased in the urine 
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Since the respiratory quotients for diacetic acid and /3-ox> butyric 
acid are 1 and 0 89 respectively, Rabmowitch is careful to point out 
that the observed rise in respiratory quotient may have been partly 
due to the combustion of the acetone bodies He also groups diabetic 
patients according to their tolerance for total glucose (G), and shows 
that the basal respiratorj' quotient nses with increasing tolerance 
In a diabetic, a tolerance of 75 grams G was increased by the admimstra- 
tion of insulin to 125 to 150 grams G The basal respu-atory quotients 
dunng this period rose from 0 75 to 0 79, the latter corresponding 
to a tolerance of about 175 grams G This difference has been 
interpreted as indicating storage of carbohydrate Comadent 
respiratory quotients and blood sugar curves after the admimstration 
of glucose with and ivithout insuhn have been interpreted in the 
same way Even in normals we know so very httle about the blood 
sugar curve after glucose ingestion, tliough much work has been 
done on it, that one would be very reluctant to subscribe to the 
interpretabon unless supported by a very large number of observations 
Burgess, Campbell, Osman, Pajme and Poulton (89) found that a 
severe diabetic under treatment for some months with insulm (75 
units per day) showed a very high respiratory quotient — 1 19, 1 08, 
0 98 on three successive days Twenty-three and a half hours after 
the last dose was given the respiratory quotient was 0 86 and 0 86, 
and the following day it was found to be 0 84 In 1 case 100 units 
of insulin were gi\en in error, and it was necessary to give 110 gram 
of carbohydrate to counteract its effect It was found that 50 grams 
more sugar should have been excreted than actually was tlie case 
A storage of 50 + 110 = 160 grams of carbohydrate occurred under 
the influence of the insuhn On the third day the blood sugar rose, 
and 85 grams extra sugar were excreted From these pteimses, 
they conclude that these 85 grams of carbohydrate have been stored 
m the tissues in some complex form and were then hberated as glucose 
The remaimng 75 grams of sugar they assume were burned 
On the whole, tlien, the evidence goes to show, in spite of the very 
evident difficulties of interpretation of the results and the comparative 
pauaty of experimental data, that there is a nse m the respiratory 
quotient after the administration of insulm There, further, seems 
to be a tendency for the high respiratory quotient to persist over 
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several days, indicating either that the storage complex produced from 
carbohydrate by insuhn requires no further insulin in its catabolism 
or that insuhn has a more prolonged action than has previously been 
believed That the result is not due to actual increase in the en- 
dogenous insuhn production has not been satisfactorily, shown, though 
this is most improbable In several of the cases the insuhn treatment 
was not sufficiently long to permit of such an improvement in the 
condition of the pancreas Particularly in the severe cases ivith 
decidedly low basal metabolism, an increase in the latter occurs 
after insuhn adnumstration Additional evidence is provided by 
Wilder and Joshn and their associates that levulose is somewhat 
easier to metabohze than glucose Even though these results lack 
the advantage of prolonged observation there is considerable evidence 
from the chmcal course of diabetics under insuhn that they are in 
the main correct The explanation of the respiratory quotients 
exceeding one is still somewhat obscure The simplest explanation 
is that carbohydrate is reduced to fat. There is no good reason to 
suppose that diabetics under insuhn cannot convert carbohydrate 
to fat or, at least, into some other complex that is poor in oxygen 
Observations on the metabolic rate and respiratory quotient oc- 
casionally bring to hght anomalous results which cannot be satis- 
factonly explained, and it is better to reserve judgment until a larger 
amount of data has been accumulated 

Glycosuria 

Loss of glucose to the body is not the most serious defect in the 
metabolism of the diabetic patient It is, however, a warmng signal 
of the failure to metabohze sugar efficiently, and on this account is of 
importance The original observations (30, 68) that sufficient insuhn 
would control glycosuria in aU cases of true diabetes meUitus has 
been substantiated by every writer who has used it intelligently 
so many now as to preclude the possibihty of mentioning them. 
In approximately 500 cases of diabetes under treatment in Toronto 
insuhn has not failed Further, as Woodyatt (46) pointed out, a 
test with insuhn is of value in the difterential diagnosis of the 
glycosurias — diabetic, true renal and othennse 
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Insulin will increase carbohydrate utilization whether glycosuria 
IS present or not and tlus has led some to ignore the well known fact 
that tlie diabetic showing glycosuria steadily and surely decreases 
m tolerance for carbohydrate The other benefiaal effects of tlie 
use of insulin, such as increased strength and vigor, brighter iiientahty, 
increase in weight, etc , may all be present but it surely cannot be 
satisfactorj' treatment not to give every chance to permit the patient's 
remaining tolerance to increase Nor is it true that it can be sahs- 
faclorily replaced with insulin Insubn is a crutch wluch sbps at 
times The larger the dose the greater the danger of hypoglycemia 
and the greater the difficulty of adjusting suitable dosage 
Admittedly, when insulin was first employed it w'as somewhat 
diflicult to keep the patient aglycosunc There was, therefore, 
some justification for those who, ratlicr than risk hypoglycemia witli 
preparations of insulin which varied exceedingly in potency, were 
content to obtain the other benefits of the drug for their patient 
We hold the position, however, that glycosuria m diabetes is a failure 
m treatment and so have consistently endeavoured to avoid it with 
rather remarkable success from the outset Frequent repeated 
blood sugar exanunations have enabled us to test the comparative 
efficiency of a particular batcli of insuhn on a well stabihzed patient 
and to judge of its relative efficiency for other patients For smaller 
chnics or for individual patients tlus would have been mipossible but 
today the preparations are so well standardized that hypoglycemia 
from this cause docs not occur 

ilder (45) and his associates designedly permitted glycosuria for 
the reason given above Woodyatt has found it possible to keep his 
patients sugar-free in most cases “Old cases wath low fixed toler- 
ance limits have been difficult to keep sugar free and it 

would not seem necessary that they do so, smee they have no natural 
tolerance to lose ’’ Up to tlie dashes the wnter would agree and, if 
It be true that they have no natural tolerance, would agree also to 
the latter part Cases without tolerance are comparatively few in 
number and very difficult to treat 
Geyelin (74), working witli children and encountering tlie special 
difficulUes of feeding and caring for these little patients regarded it as 
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safer to permit glycosuria than to risk h>’poglycemia With the pres- 
ent more accurate assay of insuhn he has recently adopted a policy of 
keepmg the patient aglycosuric {personal commumcation) 

Fitz, Murphy and Grant (73) report patients made sugar-free with 
insulin but give no indication of their general pohcy 

Allen (75) consistently endeavours to prevent glycosuria in his 
diabetic patients, whether under insuhn treatment or not, and Joshn 
(81) speafically states, “A sugar free unne is just as necessary, in my 
opinion, with diabetics treated wuth insulin as diabetic cases treated 
without insuhn I beheve that, unless the urine is kept sugar free 
during the additional length of hfe these patients will enjoy comph- 
cations due to hyperglycemia, and glycosuna wiH ensue ” 

Hype} glycenna 

The maintenance of normal blood sugar levels is not so easy in severe 
diabetics under insuhn treatment as it is in the under-nutntion types 
of treatment, since the immediate, or blood sugar lowenng, effect of 
insulin is of comparabvely short duration and repeated injections 
must be used to accomphsh this object. Fortunately it seems to 
become easier as the state of nutrihon of the patient is improved and 
the tendency to hypoglycemia becomes less, possibly because of the 
increased glycogen content of the liver and muscle tissues Camp- 
bell and Fletcher (80) observed in such patients, as well as in normals 
and non-diabetics, that a suitable dose of insuhn would lower the blood 
sugar to tlie normal level for many hours ■without the occurrence of 
hypoglycemia This is more difficult to accomphsh in tlie emaaated 
subject and also in the patient who has an extremely low tolerance for 
total glucose In certain of these cases hypoglycemia is very readily 
produced by small doses of insuhn Caution must be observed in 
commencing treatment in such cases 

Fortunately, even these cases are hkely to have a high blood sugar 
and consequently a large amount of carbohydrate stored m tlie tissues 
as glucose, unless partial starvation has been invoked as a preliminary 
to insuhn treatment One can usually depend upon the tissue sugar 
to guard the patient against hypogl 3 >-cemia The dose of insulin used 
for freeing the urine of sugar must, however, be promptly reduced if it 
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rapidly becomes sugar free ' In order to deternune this, as well as the 
proper spacmg of the dose, patients should have the urine collected at 
short mten'als and tested for sugar, at least during the first forty-eight 
hours after startmg msuhn treatment 
These difficulUes plus the additional expense and inconvemence of 
having blood sugar tests made have induced many to question the 
necessity of maintammg normal blood sugars in treating these severe 
cases Those whose convictions permit glycosuria in the diabetic 
naturally have no trouble over this refinement of diabetic treatment 
To those who feel that it has been satisfactorily demonstrated that the 
aglycosunc diabetic lives longer and more comfortably than if glyco- 
suna IS permitted, the question of permitting hyperglycemia is a very 
important one The Rev Mr X acquired diabetes at twenty-eight, 
with typical acute onset He hved thirty-two years without treat- 
ment and was not know n to be sugar free for any tame A good many 
patients who knew him ha\e not lived nearly so long ^^^len I was 
called to see him he had gangrene of Uie anterior half of the right foot 
with a spreading infection in the leg No pulsation could be felt in 
the sclerosed vessels below tlie femoral artery on the left side He w as 
drowsy, breathmg was a labor, and he was very weary His tempera- 
ture was 102°F He died more of mfection perhaps than of the 
diabetic coma which supervened But, in the previous years, was he 
comfortable? For twelve years he had suffered from cramps in the 
legs on moimg about He w as ataxic, he w as uncertain of the position 
of his feet, later he could not write because of cramps in the hands 
His eyesight partially failed him He lost flesh Intermittent poly- 
una became continuous and coupled wuth enlarged prostate, incon- 
tinence dev eloped He lumself noticed lus growing imtabihty and the 
dev elopment of an aphasia and rcahzed its import 
Many tames a similar picture develops more rapidly We know 
that in tlie normal person glj cosuna does not occur and, further, that 
the blood sugar is nev er raised to any great degree even after the inges- 
tion of large amounts of glucose If msuhn is used only to keep pati- 
ents ahv'e shall wo in the future see more of these cases with marked 
dcgcnerativ'c phenomena’ Not from the glycosuria surely, but hyper- 
glvcemia is the onlv other related symptom If it be true, and it 
must be remembered that it is not jet proved, that hj-perglycemia 
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predisposes to sclerosis of vessels and other degenerative phenomena, 
then sufl&cient insuhn, endogenously produced or artifiaally adminis- 
tered, to keep the blood sugar normal is essential in treatment But, 
further, we do know that glycosuria in the average case of diabetes is 
inimical to his best interests and that his tolerance for carbohydrate 
is more or less rapidly destroyed thereby Consideration makes it 
apparent that it is not glycosuna, ^er se which produces this effect 
but excessive stimulation of the pancreas by the accompanjung hyper- 
glycemia, and it has been considered the best practice to remove this 
by diets below the tolerance of the patients Those whose blood sugar 
could not be lowered by diet often broke to a lower level of tolerance 
The pancreas of the aglycosuric diabetic who is allowed to have hyper- 
glycemia IS subject to the same overwork and resultant damage as the 
pancreas of the untreated patient The results are possibly more 
gradual but there is no doubt as to the progressiveness of the 
condition 


Protein sparing action of carbohydrate 

In a number of the cases reported by Banting, Campbell and 
Fletcher (69) the protein sparing action of glucose is demonstrated 
Similar results have also been obtained by Wilder (45) and by Fitz, 
Murphy and Grant (73). Some of Allen’s protocols (75) also illus- 
trate this action To show this action, all of these observers have 
depended upon the variations in output of urinary m’trogen in severe 
diabetics, with and without insuhn More complete metabolism 
experiments with analysed diets are highly desirable since there are 
several objections to this method with the type of diet commonly 
used by the diabetic patient It is probable, however, from some 
preliminary observations that such a study will only increase the 
already striking emdence of the preferential utilization of carbohy- 
drate over protein when sufficient insulin is available to bum the 
former On the reduced diets commonly used in diabetic treatment 
this protein sparing action is of some considerable importance, since 
upon it depend the possibilities of the emadated patient regaimng 
necessary wdght and strength, as well as restoring the functional 
effidency of organs severely under-nourished The mere increase in 
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TV eight of a patient, which may be brought about by retention of fat, 
salt and water, can have but a himted beneficial effect, and that mostly 
psychic in nature The restoration of muscle and organ mass by 
actual increase m the total body protein is much more important for 
the conhnued well-being of the patient The fact that such protein 
sparing action can be demonstrated on dietary protein allowances of 
3 gram of protein per kilogram body weight, as shown by Wilder 
(45) and ourselves (69), is an indication of the adequacy of such 
amounts of protein for the needs of the body 

Ltpemta 

Considerable theoretical interest is attached to the behavior of 
the blood fats under insuhn treatment, but as yet they have been 
rather imperfectly studied m man Quite early it was noted (30) 
that Tusible hpemia disappeared under treatment Actual figures 
were not pubhshed but it did not appear more striking than one often 
observes on dietetic treatment alone Davies, Lambie, Lyon, Mca- 
kins and Robson (87), in a prehrmnary commumcation, note quali- 
tatively the disappearance of visible lipemia in 2 cases Wilder and 
his assoaates (45) report analyses of blood fat m 3 cases without 
sigmficant alterations Joshn, Gray and Root (71) also report 
analyses showing a slow decrease in the blood fats Considerable 
quantities of excess fat may be present in the serum without produang 
a visible hpemia In our expenence the total blood fats under insuhn 
treatment tend to fall rather slowly No definite relationship to 
insuhn administered or increased carbohydrate metabolism has been 
made out Ihe disappearance of hpemia is certainly more rapid in 
those cases where no fat is being fed to the patient and acidosis is 
rapidly abolished Hardy (103) has reported disappearance of 
hpemia rctinalis under insulin treatment Major (104) has shown 
that in tw o cases the eruption of diabetics due tb deposition of choles- 
tenn crystals and known as Xanthoma diabeticorum disappears 
after treatment of the patient with insulin He believes that the 
clearing up of the lesions is due to good blood supply and to dis- 
appearance of hpemia and hvpcr-cholestcrimeniia 
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Body weight 

Inciease in tlic body weight of diabetics to any desired level can 
now be induced under insulin treatment It should be pointed out, 
however, tliat in tliis case as in so many others, insulin merely makes 
possible for the severe case of diabetes a condition wliich is possible 
under suitable dietetic regimens m the patient afflicted with tlie milder 
fonns of the disease To many tlie CMdence of the scales may seem a 
guarantee of progress but this is onlj'- true if one reahzes tlie source of 
tlie weight change in tlie particular patient We may dismiss at 
once the question of restoring to tlie obese diabetic the few pounds 
he has lost since tliere can be no question that overweight is not a 
favorable condition The obese diabetic needs a fat reduction cure 
even more tlian tlie corpulent, middle-aged candidate for diabetes 
In tlie former case tlie damage has been done but tlus is usually moder- 
ate in degi ec as far as tolerance for carbohydrate is concerned Reduc- 
tion in weight increases the eftective mass of active pancreatic islets 
relative to the size of the individual and tliereby relatively increases 
the tolerance of tlie patient The man of forty-five, 5 feet 10 inches 
tall, who IS 40 kgm over-weight reqmres, merely to live, 350 calories 
more than if he were of normal weight In addition, of course, he 
must expend energy to carry tlie superfluous fat Reduction in weight 
in such cases should not, of course, involve loss in muscle mass or 
muscular efficiency 

Probably the most spectacular increases in weight, follovang insu- 
lin, occur in patients suflenng fiom marked emaciation, acidosis and 
dehydration In these cases it is easy to see tliat the increase in 
weight cannot be due to deposition of protein since insufficient of tlus 
food prinaple is ingested Since the deposition of fat in the body is 
accomphshed in almost an anliydrous manner, only 10 per cent of its 
weight of water being required m the process, tlie weight increase 
cannot be due to fat wliich is also insuffiaent in amount The deposi- 
tion of carbohydrate in the body is accompanied by three times as 
much water The himted possibihties of glycogen storage, however, 
make it unhkely that inucli more than a kilogram increase in weight 
can be expected from tlus source An approxunate balancing of the 
total fluid intake and output gives the clue, namely that the weight 
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increase is largely due to water retention The tj'pe of diet served 
the diabetic is rich in mineral salts and these assist in mamtaimiig a 
normal osmotic pressure in the tissues and the diabetic quicUy attains 
a plump appearance, while the tissue turgor is distinctly increased 
As Allen and Joslin have remarked, this affects particularly the face 
of the patient, but the whole body is involved to agreater or less extent 
If sodium bicarbonate is also used this tendency may become very 
pronounced The amount of weight increase in emaaated patients 
due to stored fluid ivithout edema may be quite astonishing Twelve 
pounds IS not an uncommon amount for such a diabetic to store, but 
the adult in good nutrition will probably store less flmd Even here 
the weight increase attainable without edema may be considerable 
In experiments on water dnnking the wnter found sue pounds increase 
in weight after the diuresis, due to dnnkmg ten htres of water, had 
ceased This increase m weight persisted for several weeks uithout 
evidence of edema or change from the onginal values in cither hemo- 
globin, red-cell count or blood pressure 
In some cases where the fluid intake of emaaated patients was not 
sufEaently controlled edema developed In ambulant patients this 
has been most stnkmg and is due to change in position of the excess 
body fluid rather than in excess intake of fluid immediately before 
In twelve hours a patient may lose the plump faaes and become 
pmched, drawn and emaaated while exaimnation reveals marked 
edema of the ankles and legs The reverse change occurs in dehydra- 
tion This change in the conditionof the tissues is not wholly due to a 
true loss of body fluid but may occur fairly rapidly when no unne is 
being secreted, and in spite of moderate fluid mtake 
True increases in body tissue arc acquured comparatively slowly 
Emaaated patients fed witli fat m excess of their needs may indeed 
store it but it is questionable whether increase in weight due to an 
inactive substance hke fat is desirable beyond a certain point An 
increase in total muscle mass or other tissue contaimng protein serves 
a useful purpose The supply of essenpal body fluid to replace that 
lost IS also desirable but it is important to realize that fat and excess 
fluids merely contnbute a cosmetic effect and require energy to keep 
them warm as well as to move them about The patient whose body 
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weight is between normal and 15 per cent below normal is the most 
satisfactory risk 

It may not be amiss to note that in the opinion of the writer, the 
phrase “insulin edema/’ recently encountered, is a misnomer, as it 
relates to a condition possible of attainment under certain conditions 
in patients on dietetic treatment alone Further, we have yet to see 
the edema of a diabetic which would not disappear with salt and water 
restriction If insulin is necessary for treatment, patients should not 
have it discontinued because of the development of edema 

Luxury use of insulin 

The so-called “luxury use” of insulin was a matter of some concern 
during tlie earlier period of treatment with the drug, while supphes 
were still relatively scarce At that tune it was considered justifiable 
to place a limit upon the amount of insuhn obtainable by any patient 
in order that others should not suffer The large supply .of insuhn 
now available has brought about its use by many physicians who, 
being more or less unfamiliar ivith the clini cal course of diabetes, are 
using it unnecessarily (luxur}’’ use) The use of insulin and precari- 
ously high diets to fatten a diabetic unduly, or to satisfy a gluttonous 
appetite, or to avoid the necessity of dieting reveals a lack of mtelli- 
gent foresight on the part of the ph3^siaan as well as a lack of resource- 
fulness in the treatment of his patients For the patient himself there 
is increased danger of acidosis, with the constant risk of an mcorrect 
balancing of the diet in relationship to insulin, so that either hypo- 
glycemia or hyperglj’^cemia and glycosuria are often present, resulting 
in decreased tolerance and degenerative phenomena associated with 
diabetes of long duration 

Several writers (81, 105, 106) have emphasized the danger of 
acidosis and coma resulting from the sudden discontmuance of insuhn 
treatment The result is not of course comparable with the prohibi- 
tion of narcotics to the drug addict but is analogous to tlie results of 
sudden decrease of tolerance for carbohydrate m diabetic patients 
W’ho acquire acute infections Wilder mentions a patient -who died 
consequent upon being without insulin for 36 hours All patients 
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should be warned of this danger which is the greater the more liberal 
the diet and the higher the dosage of msulin ordered The danger is 
probably increased by any exertion or by an artifiaallj induced or 
artificially maintained state of hypernutrition of the individual 
Were the so-called “cures” (temporary' overfeeding of mild diabetics 
with accompan5nng msulin administration) now bemg attempted m 
Europe and elsewhere not unsound on other grounds this risk should 
act as a deterrent Bed rest, increased fluid mtake and immediate 
reduction in diet, particularly the fat, should be enjomed on a patient 
compelled to forgo insulin temporarily for any reason 

Polyuria 

The increased amount of urine secreted by patients suffermg from 
diabetes melhtus has usually been thought to be due to the diuretic 
effect of the sugar excreted along with it Three factors — increased 
volume, sugar content, and high speafic gravity — are commonly 
assoaated Frequently a necessary uranalysis has been neglected 
because of a report of tlie excretion of a normal daily volume of urme 
The fact is the percentage of sugar in the unne may V'ary quite inde- 
pendently of the volume or the specific gravity and, furtlier, on account 
of the vanations in the amount of morgamc salts and other orgamc 
substances m the urine there is no way of even roughtly approximating 
tlie urinary glucose output by the speafic gravity or by any of the 
quabtativ e tests In tlie majority of patients with diabetes amenable 
to dietetic measures there is marked reduction m the excessive thirst 
and polyuna when tlie patient becomes aglycosuric 
An unbroken mght’s rest and increased comfort during the day, 
when poh'una was reduced, have often induced a discouraged patient 
to persev'cre with dietetic treatment All pabents heretofore made 
sugar free by dietetic means did not receive an equal degree of rchef 
from the polyuria and this lack of rchef was ascribed to the diurefac 
acbon of tlie hj'perglycemia, though other patients with fully as high 
blood sugar levels early became free from polyuna The advent of 
insuhn has not changed this situabon Some pabents who could not 
be made agljcosunc without insulin show a decreased unnary output 
V'htn the glycosuria is prevented by Uic use of insuhn Some eight 



268 


W. R CAaiPBELL AND J J R MACLEOD 


of our patients receiving insulin treatment, nearly all cases of the 
most severe type, continue to have polyuria m spite of becoming agly- 
cosuric and having a normal blood sugar level Polyuria in these 
cases appears to bean obhgatory condition unrelated to diet or to renal 
disease It is mterestmg to note that pitmtary extract to some ex- 
tent controls tlie polyuria, though it would be premature at present to 
postulate a combined pancreatic and pituitary lesion without further 
study of the condition The power of the kidney to concentrate the 
urine is not lost in these cases since the specific gravity promptly 
increases under the influence of pituitary extract 

Duration of treatment 

Evidence related to the time a diabetic is under treatment with insu- 
lin must be added to the above mentioned immediate effect It is 
conceivable that a patient might show temporary improvement with- 
out permanent benefit from msulm or from any other type of treat- 
ment Inadentally, it may be pointed out that the benefits derived 
from prolonged treatment with insuhn furmsh a further argument that 
it is the necessary hormone that is lacking in the diabetic organism 

Two years of treatment of severe diabetic patients with insulin, 
resulting in marked improvement in the physical condition of the 
patients and their abihty to do work, together with a lack of any evi- 
dence of deleterious effects, is sufihcient guarantee that insuhn can be 
continuously used without its value becoming impaired by unforeseen 
occurrences Under older methods of treatment these patients, or at 
least a large proportion of them, would now be dead It is common 
experience that hfe expectancy in severe diabetes has been prolonged 
The types of dietetic treatment employed by various climcians have 
been so diverse that the use of insuhn in treatment appears to be the 
only additional common factor to which the increased duration of 
life can be related 

The amount of food consumed by the diabetic patient under insuhn 
treatment has been far in excessof his previous tolerance The assimi- 
lation of these foods without glycosuria or acetonuria makes it appar- 
ent that they must have been stored or metabolized The former 
possibility IS ruled out by the fact that the body weight does not 
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become excessively rmsed, which would be the case if storage were 
solely concerned Catabolism, of the foodstuffs, leading to greater 
energy output, accounts for the additional actonties voluntarily 
undertaken by the patients Since, previous to the use of insulin, 
all cases of severe diabetes w ere metabolising high proportions of fat 
relatively to carbohydrate and, in most instances, were showing ace- 
tonuna, it follows that all the increased food assimilated as a result of 
insuhn is not converted into fat and burned as such If this were not 
the case the already excessive proportion of fat to carbohydrate metab- 
olized would be increased and pronounced aadosis would certainly 
have resulted Absence of acetonuna removes this possibility and 
makes it certain tliat suffiaent additional carbohydrate has been 
burned to establish a safe ketogenic anbketogemc ratio 

HYPOGI.VCEUU 

Although insulin possesses so many beneficient properties for the 
sufferer from diabetes mellitus it is not without drawbacks and con- 
traindications Some of tlicse have been touched upon in tlie preced- 
ing pages Indeed, it specific properties of infiuenang carbohydrate 
combustion, if used to excess, cannot fail to affect the well-being of 
the patient It is important to remember that with insuhn we are 
deahng with a most powerful drug, many times as toxic as strych- 
mne Its toxic action arises from the fact that, w hen present in excess, 
it inhibits the utilization of , or fixes in an unavailable form, the soluble 
carbohydrate of the body This suggested the possibility tliat the 
bod> tissues might not only be depnved of suffiaent food, but also 
that an aadosis might be produced from the attempt to utihze fat in 
the absence of the carbohydrate Certain preliminary observations 
by CoUip, in wluch he stated that insuhn causes ketonuria in normal 
rabbits, seemed to support this new, but the well-known susceptibil- 
ity of rabbits to changes in food supply renders the result somew hat 
doubtful 

The writer Ins seen three deaths from liypogljcerma on under- 
nutntion diets, and Joshn also has reported four cases treated by die- 
tetic methods Woodj-att and \\ ilhams have also noted similar cases, 
and It IS quite probable tliat there hax’c been many other cases 
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As noted above, we early became aware from tire animal experunents 
that a condition of hypoglycemia would result from overdosage of 
insuhn The clinical state of these animals was carefully studied and 
reported as far as possible, and fortunately before any human cases 
were encoimtered the more marhed stages of the condition were 
known and the treatment by carbohydrate and by adrenalm were 
tested out and found to be effective A review of this work by Pro- 
fessor Macleod appears in Physiological Reviews 

Investigation on animals naturally fell short of giving a complete 
picture of the symptoms accompanying h)7poglycemia, since subjec- 
tive symptoms were not available for study A report of the general 
features of this condition was made in the British Medical Journal, 
January 6, 1922, and the subject was more completely discussed by 
Fletcher and Campbell (70) m the Journal of Metabohc Research, 
November-December number, 1922, and additional studies reported 
at the meeting of the Soaety for Chmcal Investigation, May, 1922 
(Cf Proceedings Soaety for Chnical Investigation, Abstract Journal 
Amencan Medical Assoaation, Ixxx, 1641 ) 

The grave danger to patients from an unnoticed or untreated hypo- 
glycemic reaction makes it important that every patient should be 
thoroughly familiar with it With each bottle of insuhn an instruc- 
tion sheet is sent out giving this information as well as pomting out 
the cure The warmng cannot be too earnestly repeated, and in our 
clinic it has been the practice to induce an hypoglycemic reaction in 
patients about to be discharged and who may not previously have 
experienced one during treatment In such cases, of course, there is 
no necessity for pushing the reaction very far The patient should 
expenence the early signs and symptoms up to the sweating stage, 
and also be instructed as to the cure of the condition This precau- 
tion has been considered unnecessary m other clinics and, though we 
felt jusbfied in mamtainmg it w'hile the assay of insuhn was uncertain, 
the number of reactions encountered decreased decidedly with the 
improvements in the assay 

Two deaths from insuhn hypoglycemia have been seen The first, 
an habitual drunkard, who had been refused insulin treatment at 
Toronto General Hospital because of this danger, received insuhn 
from another dime Havmg been shghtly mebriated, he arose in 
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the morning with a distaste for food and omitted breakfast but injected 
thirty umts of insulin subcutaneously He transacted considerable 
business, i\ diked considerably, hurried all mornmg in order to catch 
a tram at midday \bout noon he iias brought as an emergency 
case to the Toronto General Hospital, having collapsed on tlie street 
He was cyanosed, his heart was dilated, the heart sounds were weak, 
his breathing was difficult, he had edema of the lungs Stimulants 
w ere given but he died before a needle could be boiled to admimster 
glucose intravenously The other case, from our own dime, was a 
severe diabetic using forty umts of insuhn per day, who suffered from a 
gastrointestinal upset with vomiting Witliout notifying his physiaan 
he took ten umts of insulin without any food Noticing the onset of 
the hypoglycemic reaction he ate an orange and, later, tdephoned to 
lus physician Feeling improved he neglected to carry out the 
instructions given him to rest and take more glucose A sudden 
collapse occurred followed by death before assistance arrived 
The symptoms and signs of the hj^poglycemic state are more or less 
related to the level of blood sugar attained and become progressively 
worse as the blood sugar falls In nearly all cases the blood sugar is 
below the normal level before the patient notices the ^abnormal symp- 
toms Occasional instances have occurred when symptoms that 
stimulate those due to hypoglycemia have been described while the 
patient’s blood sugar level was still above 0 1 per cent (0 110 and 0 130 
per cent) These have also been noted by others who have used insu- 
lin in treatmg their cases It is possible that they may be cxplamed 
as protein sensitization reactions but this is not certain They appar- 
ently occur in patients whose blood sugar lev'cl is permanently above 
normal and who have lugh thresholds of excretion for sugar This 
type of sjTuptom is deserving of further study smee tlic speed of change 
of the blood sugar lev el may be in some way the responsible factor, or 
It may be that hyperglycemia, in cases showing tlie svmptom, is a 
necessary condition for the welfare of the individual, just as many 
arteriosclerotic patients feel better when their blood pressure is not 
lowered by means of drugs bdow a certain level 


The blood sugar level at which sj-mptoms usually appear is about 
0 08 per cent It is known, however, that blood sugar percentages 
of 0 08 and even 0 06 per cent are many times encountered in normal 



272 


W R CAMPBELL AND J. J R MACLEOD 


persons who have not been treated with insulin without the characteris- 
tic symptoms of hypoglycemia Also reactions which occur long after 
the insulin has been given are much less acute, other things being equal, 
than those which occur earlier In such cases few S 3 miptoms may 
occur although the blood sugar is very low, and then suddenly disorien- 
tation, confusion, and even unconsciousness supervene It may pos- 
sibly be that it is the rate of lowenng of the blood sugar— the dynamic 
factor— rather than the level attained thatis responsible for the differ- 
ences Accidentally m one most remarkable case a blood sugar of 
0 032 per cent was found The patient presented no symptoms or 
signs of reaction and he had been given his evening meal before the 
result of the blood sugar test was known Less marked degrees of 
hypoglycerma without symptoms have been observed on a number of 
occasions The lowest blood sugar we have noted is 0 025 per cent. 
With the administration of glucose this patient recovered 

There is, then, no absolute blood sugar level at which certain signs 
or symptoms invariably occur Occasionally a symptom from the 
severe class appears at a high blood sugar level Nevertheless m most 
cases one can predict the blood sugar level from the severity of the 
associated symptoms 

The earhest symptom which most patients descr be is a vague, 
indefimte feehng of uneasiness, an uncomfortable sense of impending 
danger A pecuhar mask-like immobdity of the face with dilation of 
the pupds is often seen Marked hunger may be complained of 
Increase in pulse rate, with weakness, pallor, flushing, nervousness 
and tremulousness are early evidence of hypoglycemia The blood 
sugar at this time is usually between 0 08 and 0 07 per cent With 
lowering of the blood sugar to 0 07 to 0 055 per cent nervousness gives 
place to anxiety and famtness, excitement and emotional disturbances 
with occasionally vertigo may occur The physical signs at this 
stage include sweating, often most profuse, diplopia and mcoordma- 
tion Marked exatement, emotional mstabflity, sensory and motor 
aphasia, dehrium, disonentation, delusions, confusion and brady- 
cardia occur witli blood sugar levels of 0 055 to 0 040 per cent 

With lower blood sugar levels the blood pressure may fall Usually , 
however, it is well sustained. Unconsciousness has not been observed 
to occur until the blood sugar has reached 0 035 per cent It may be 



INSULIN 


273 


accompanied by hypotomcity or bj'pertomaty of muscles and either 
lost or increased reflexes Tremor, hypertoma, individual muscle 
twitchings and marled mental irritability mark the recovery from 
unconsciousness Convulsions m children have been reported by 
Geyehn (74) and by others Up until two months ago they had not 
occurred in any of our patients In this case the child had a few 
clonic twitchings, which had ceased before my amval, being suc- 
ceeded by unconsaousness Glucose solution mjected intravenously 
promptly removed the symptoms 

The direct cause of h)rpoglyceTma is the admmistration of an excess 
of msuhn relative to the carbohydrate then available It may result 
from excessive amounts, or unsuitable frequency of dosage or unsuit- 
able time of administration Failure to absorb the carbohydrate of 
the diet because of voimtmg, diarrhea, duodenal ulcer, pylorospasm, 
etc , may render an othenvise smtable dose of insulin excessive m 
amount Over-exerase may deplete the carbohydrate stores of the 
body or cause the endogenous production of msuhn to become 
increased and so render the dose excessive 
Treatment of the condition consists in mcreasmg the amount of 
circulating glucose in the body Noble and Madeod (90) have shown 
that, injected subcutaneously, glucose is the only sabsfactory anti- 
dote for the condition in rabbits In man, when admimstered by 
mouth, a more extensive hst of substances are suitable With the 
exception of maltose, which is nearly as efficient, Campbell and Flet- 
cher (80) have found the most satisfactory restorative is glucose 
Substances other than glucose probably act m accordance with the 
ease mth nhich glucose can be obtained from them The order of 
effiacncy is glucose, maltose, galactose, lactose, sucrose, levulose 
and glyccnne Starches are more slowly effective Wilder (45) and 
his assoaatcs have confirmed the observation (68) that epmcphnn 
may be used to combat insulin hypoglycemia in man and also the 
relatively short duration of its effect, and emphasized the necessity of 
admimstenng carbohydrate immcdiatclj the patient is able to swal- 
low Burn (48) states that pitmtnn is effeebve in animals For 
scv^eral montlis we have considered it inadvisable to recommend these 
drugs for clinical use in In poglj cemia They are needed onlj during 
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the unconscious state The objections are both theoretical and practi- 
cal but, in our experience, are not based on any deleterious effects 
attributable to the epinephrin itself Certain cases, however, fail 
to show improvement mth epmephrin because this substance acts by 
hberatmg glucose from the glycogen stores Since these stores are 
much depleted in emaciated patients and may be very low after exer- 
ase tlie amount of glucose set free by epmephnn may be too small to 
relieve the h 3 rpoglyceinia. At tlie same tune it must be remembered 
that the work of the heart is interfered ivith by lack of available glu- 
cose Since epmephnn increases the heart work the result might be 
most serious if no glycogen stores are available Lyman, Nicholls 
and McCann (57) report 2 cases in wluch epmephnn failed to increase 
the blood sugar during insulin hypoglycemia 
The quantity of glucose necessary to restore the patient vanes with 
the seventj'- of the condition, that is it is related to the degree of 
hypoglycemia present Hence, the importance of determining by 
the climcal evidence presented the approximate blood sugar level. 
Though It vnll probably do httle real harm it is better practice to avoid 
excessive sugar intake and the resultmg glycosuria The presence of 
glycosuria may make it difficult to interpret the climcal chart for two 
or tliree days and this symptom should be avoided if speedy treatment 
is desirable If the premonitor)’' symptoms of hj’poglyceima are 
noted half to one orange ivill usually be effective If the sweating 
stage IS reached (blood sugar 0 07 to 0 055 per cent) the carbohydrate 
in an orange is insufficient unless a meal is imminent A level table- 
spoonful of corn syrup is usually effective but should be repeated if 
relief is not experienced 'uathin ten minutes or if the patient recovers 
only temporarily More severe cases should have three or more table- 
spoonsful of corn syrup, or its eqmvalent, admimstered by moutli 
at once Patients who are unconscious should be given an intraven- 
ous injection of glucose solution Fifty grams or more of pure glucose 
may be necessary in these cases Every msulm patient should be 
given ample opportunity to realize his danger from the umntelligent 
use of this drug 


SBIPLE KETOSIS, ACIDOSIS AND COMA 

For our present mews on these subjects we are largely indebted to 
tlie papers of Woodyatt (91), of Shaffer (92) and of Wilder (93) 
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Lunitation of space prevents discussion here of some of the most im- 
portant phases of mtennediary metabolism most clearly set forth by 
these ivriters It may be taken, lio\ve\er, that a dcfimte maximal 
amount of fatty acid may be completely oxidised inthout acetone 
bodies (at least of any moment) being produced when a certain amount 
of glucose IS bemg burned This glucose (G of Woodjatt) may be 
derived from the carbohydrate in the food, from 58 per cent of the 
body protein and from 10 per cent of fat, since it is known that glycer- 
ine (10 per cent by weight of the fat) can produce an equal weight of 
glucose The writer docs not intend here to go into the question as 
to the absolute accuracy of these figures The significant point is 
that they form tlie basis of a most successful method of treatment for 
diabetes 

Marked increase m the ratio of fat to glucose undergoing metabo- 
lism ivill cause the production of the acetone bodies — acetone, aceto- , 
acetic aad and 0 o\-ybutync acid In small amounts these substances 
may appear m the blood and unne without causing abnormal 
physical signs or symptoms Tlus condition may be called simple 
ketosis Witli increased over-production, or delayed elimination 
of the acetone bodies, however, physical signs appear, due partly to 
disturbances in the hydrogen ion concentration of the blood and 
partly to tlie toxic action of these substances Milder degrees of this 
toxic action constitute a state of aadosis but severe degrees, due to an 
increased amount or a prolonged action of these substances in the 
body, result in diabetic coma With these symptoms are associated 
alterations in the mmeral and water balance of the blood and tissues, 
and in all probability changes in tlie physical and chemical state of the 
body proteins In cases in which severe aadosis and coma occur 
there is evidence of dehydration Many times aadosis is due to a 
temporary lowering of tolerance resultant on an acute infection 
In the severe stages it seems probable that the pancreatic damage is 
so sex'crc tliat the islet cells have ceased to function In the first 
patients treated w ith the pancreatic extracts (30) an immediate reduc- 
tion in the ketonuna occurred and encouraged the belief that acidosis 
and coma might be cfiiacntly treated by their use Itlater was found 
(68, 34) that not only ketonuna and ketonaemia could be made to 
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disappear but also that the CO2 combining power and alveolar CO2 
tension of the blood return to normal levels when msulm is used 
Coincidently with these effects the patients were reheved of the 
symptoms of acidosis and coma from which they were suffering. 
Nearly all our collaborators have taken occasion to co nfir m these 
results and there are now on record numerous tables illustrating these 
effects of insulin More recently Cullen and Jonas ( 94 ) have demon- 
strated exceedingly low hydrogen ion concentrations in the blood of 
diabetic coma cases with subsequent return to normal values under 
insulin treatment 

The amount of insulin necessary to control acidosis varies consider 
ably. It is well known that dietetic treatment will control the con- 
dition in some cases, and patients showing simple ketosis without 
chnical symptoms may usually be relieved by this means. The more 
severe degrees of ketosis may require insuhn Many patients exhibit- 
ing the severer degrees of ketosis would undoubtedly recover on suit- 
able dietetic treatment, rest, warmth, etc , but when definite chmcal 
symptoms are present it is preferable to use insuhn than to risk the 
occurrence of coma With the exception of cases of acidosis occurring 
during infections an initial dose of forty units of insulin and twenty 
units every four hours for six doses will be ample to control the situa- 
tion Most cases will reqmre much less The required dose of insu- 
hn to control acidosis during infections is much more difficult to 
approximate. The tolerance of insulin in tliis condition is enormous 
but the patient must be closely watched. In all cases carbohydrate 
should be supphed in amounts sufficient to prevent hypoglycemia, and 
the urine repeatedly tested for sugar Suitable diet should be given 
as soon as the patient will take it and the insulin reduced gradually 
Thirty to forty units should be given daily for two or three days until 
the danger of relapse is over It is desirable also to observe the alveo- 
lar CO2 tension, CO2 combining power of the plasma and the blood 
sugar, but most cases can be successfully treated with urinary examina- 
tions for glucose and diacetic acid alone The prompt treatment of 
acidosis udth insulin when first diagnosed should dimimsh the number 
of coma cases seen in the hospital Cases of coma about to be trans- 
ferred to the hospital should also receive, as soon as possible, fifty 
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to SL\ty units of insulin with carbohydrates (by stomach tube if 
necessary) 

There are \ ety real benefits from dietetic treatment in cases of aado- 
sis We have not, however, cured diabetic coma by these means nor 
have we cured coma by the use of alkalies The under-nutntion 
school regards it as impossible for coma to develop in patients on their 
type of treatment Unfortunately this has not been our experience 
on the contrary, even on starvation m cases without suffiaent toler- 
ance, coma may supervene In this connection the experience of 
Fitz, Murphy and Grant (73) may be noted Table VIII, page 764, 
in the Journal of Metabolic Research, volume ii, records a case on 
treatment for five days by Joshn’s method, followed by two days of 
fastmg The aadosis increased Small doses of insulm plus a diet 
relatively lugh in fat and total calones improved the acidosis Joslin’s 
(95) case 2366 developed coma in the hospital and recovered under 
“starvation” treatment without insuhn or alkalies This fact, and 
the fact that IS other patients with aadosis recovered, should not, 
however, he used to disaedit either the insuhn or alkali therapy of 
diabetic coma In 1921, while visiting the Mayo Climc the writer 
saw Wilder treat an advanced diabetic coma with alkah Recovery 
ensued and the patient nas living and domg well a few months ago 
During a visit to Toronto in 1922 Wilder saw Fletcher treat a cliild of 
sa years m very severe aadosis, though still able to be roused, with 
insulm This patient also recovered At the time tlie American 
manufacturers of insuhn were encountenng great difficulty in mam- 
taming the potency of the drug and Wilder, along witli many others, 
nas somewhat skeptical of its value He expressed himself as satis- 
fied that insuhn was the effective agent m this case The patient is 
still progressmg favorably on dietetic treatment with insuhn None 
of these phjsicians however, failed to use other means of treatment 
The other measures — rest, warmth, fluids,^ enemata and supportive 

*Thc influence oi Ihc ilch>dnUon factor in many of these cases is but httle less im- 
portant than the acidosis itself and its treatment b\ liberal fluid 'idministration must not 
be neglected Cases of coma due to dcb>dration alone, though fortimateh rather un- 
common, do occur Much more commonly dehydration is present, often unnoticed, in 
aatious febrile diseases, conditions nssoaated with \omitmg and intense diarrhoea, the 
thyrotoxic erases and partiaitarlj in prolonged diabetic acidosis m hen the blunUng of the 
sensation of thirst together iMIli pol) una may give nsc to a remarkable loss of body fluid 
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measure applied to the circulation— are not needless; they are 
valuable adjunts in treatment It is the verdict of many investigators 
that the statement “Insulin is a specific m the treatment of diabetic 
coma” still stands, but today one would not care to treat coma by 
means of insulin alone 

With regard to the dose of msulm m coma and its administration, 
there is still a difference of opimon The majority of investigators, 
including Joslin and Wilder, are m favor of small dosage With the 
wide circulation of Joslin’s (96) paper advismg ten units of insulin as 
an initial dose in coma cases and the emphasis that has been placed on 
the dangers which may attend the treatment, 2 cases in one town, 
treated by a local practitioner, received five umts of insulin each 
Needless to say they died Apparently Joslin has more recently 
changed his policy (95) and m case 3382 he gave forty units imme- 
diately, that is, four times as much as he previously recommended as 
an imtial dose This was followed by further injections so that one 
hundred umts are given in six hours We often give one hundred 
units immediately Allen (75) and W^oodyatt (46) use smaller imtial 
doses (sixty to eighty units) We have not observed any deleterious 
effects from such large doses provided measures are taken to prevent 
hypoglycemia For this purpose it has been the custom in Toronto to 
use 1 gram of glucose or other carbohydrate for each unit of insulin 
Joshn regards this as excessively high, pointing out that a blood sugar 
of 0 5 per cent means 15 to 25 grams of sugar in the blood and that 
there may be other carbohydrate stores such as glycogen and protein 
It is, of course, unnecessary to state that blood sugar is not always 
0 5 per cent m coma and, mdeed, may be normal Further, it is not 
known that the glycogen stores use further insuhn for their metabo- 
lism The depancreatised dog may not develop a high DN ratio and 
low' respiratory quotient and glycogen may be present m the liver for 
three days The glycogen stores in the human diabetic in coma, m 
any event, must be rather small The protein breakdoivn is small m 
amount and but httle insulin will be used for metabolizing carbohy- 
drate from this source Moreover, glucose derived from this source 
is not so efhaent an antiketogenic agent as that derived from carbo- 
hydrate Itself These imaginary safeguards should not, therefore, be 
relied upon to save a patient from an hypoglycemic death The safest 
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practice is that a retention catheter should be placed in the bladder 
and the urine tested hourly for glucose and if this becomes low in 
amount more glucose should be admimstered immediately But, 
further, it is well known that carbohydrate is burned in preference to 
fat and protein By supplying this carbohydrate along with sufficient 
insuhn to metabolize it no further breakdown of body fat or body 
protein is necessary to provide energy T-hus no further acetone 
bodies can be produced The patient must then burn or everete the 
stored ketones only in order to be relieved of his ketomc acidosis 
Glucose IS needed both to prevent hypoglycemia and to stop ketone 
production The theoretical danger of damaging the pancreas 
through the production of hj^perglycemia by administration of carbo- 
hydrate should not influence one for two reasons the first being that 
the pancreas of a patient in coma is apparently mactiv c and the second 
tliat hyperglycemia is usually present in any event It is interesting 
to note that Joslin (95) perrmts the latter as necessary to guard against 
death from hypoglycemia In these vnews we have the support of 
Allen, who writes “This advice is practically identical with that 
already given by the Toronto investigators who are fully justified in 
tlieir vacw that the harmfulness of carbohydnate excess for a day 
or two is negligible in an emergency of tlus kind” (75) 

The first 15 coma patients treated in Toronto (30, 34) with insulin 
received no alkali That the larger half of these cases recovered, 
sufficiently demonstrates the fact that insulin with other measures, 
as noted above, but without alkali, is effective in the treatment of 
coma It IS felt, moreover, tliat tlie results would hav’c been much 
better had severe infections, such as pyemia and pneumonia, been 
absent in sex cral of tlie cases During the investigation of these and 
other cases of aadosis (34), it was found that in some instances the 
ketones could be made to disappear from the blood and urine witliout 
a corresponding mcrcase m the CO» combimng power of the plasma 
This was attnbuted to a defiaency of base or unusual combinations of 
the rcmaimng bases of the blood and tissues In a paper read in Apnl, 
1923, Fitz, Bock, Starr and Field (97) noted the same condition but 
attributed it to the effect of an hitherto unidentified organic acid 
hlorc detailed evidence in favor of this view has recently been fur- 
nished bj St,arrandrit7(107) 



280 


W R. CAMPBELL AND J J R 3L4.CLEOD 


There is no doubt that a majority of coma patients have their CO 2 
combining power raised to the lower limits of normal (50 volumes 
per cent) by the combustion of the ketonic acids under the influence 
of carbohydrate and insuhn In such cases (which, by the way, can- 
not be distingmshed from the others except by prolonged chemical 
investigation) the use of alkali will not be necessary except in so far as 
it may be of value in shortening the period of coma and the abnormal 
chemical states associated with it That this is worth while the major- 
ity of investigators are prepared to accept In the other cases who 
present alow CO 2 combimng power after the ketonic adds are burned, 
the use of alkali is imperative 

Palmer and Van Slyke (98) have shown that the administration of 
1 gram of soda bicarbonate per 84 pounds body weight raises the CO 2 
combining power of the individual’s blood one volume per cent. 
Since, in most cases, we will be dealing with a patient whose CO 2 
combining power will rise to fifty volumes per cent with the katabohsm 
of the ketone bodies, it seems safe to use 20 grams of soda bicarbonate 
per 84 pounds of bod}’- weight, thus raismghis CO 2 combining power to 
seventy volumes per cent — & value still below the upper normal limit 
— and alkalosis -will be avoided In these cases some acceleration in 
the improvement of the patient may be expected But in the occa- 
sional case the ketones are destroyed, and insuffident alkali is thereby 
released to raise the CO 2 combining power If the CO 2 combinmg 
power uses but to twenty-five volumes per cent that patient -will 
probably still die of addosis. In this instance the addition of twenty 
volumes per cent to the CO 2 combmmg power is a very decided factor 
m the rehef of the patient The amount of alkali necessary m the 
average case -will be about 30 grams of sodium bicarbonate or its 
equivalent Many other investigators have adopted a similar dosage 
of alkah Should later determinations of the CO 2 combining power 
show insuffident alkah reserve more soda may be admimstered The 
reaction of the urine should not be rehed upon as a gmde to alkah 
therapy m these cases If the urine becomes alkaline the therapeutic 
dose may have been very markedly exceeded and the patient brought 
into danger by alkalosis 

With the use of alkah in any case, Joslm entirely disagrees, pomting 
out that 4 out of 5 cases do not need alkalies Joshn’s (95) question 
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IS “Do >ou think there is any case of diabetes whose tissues are so 
robbed of sodium, potassium, calaum and magnesium, and whose 
kidneys are so devoid of the power to form ammoma that one ounce 
of soda will save him?” But, why did the coma develop if these sub- 
stances were present in the body and available to save him? The 
quantity of soda used is not material to the argmnent so long as it is 
the therapeutic dose K, indeed, alkali will only help to save one 
out of five comas, surely a 20 per cent less mortality in diabetic coma is 
acceptable, and it is worth giving it to all 5 cases in order to save the 
one 


THE GENERAL EEPECTS OF INSULIN 

The physician has numerous cntena by which to judge the progress 
made in the treatment of the diabeUc Though it is desirable, in 
most instances, to teach patients as much as possible about their 
disease the patient himself is prone to judge his progress by his subjec- 
tive sensations and the general condition of his body With dietetic 
treatment m tlie less severe cases marked improvement was possible 
and some improvement nearly always occurred With insulin the 
more severe diabetic whom previously we considered ourselves fortun- 
ate to be able to keep ahve, has attained to a state of general health 
approachmg the normal (68, 69) With increasing strength the 
patient not only loses the sense of weakness and continuous state of 
fatigue but muscle activity becomes a joy to him Dryness and harsh- 
ness of the skin and hair disappear Skin infections clear Allen 
(75) seems of the opinion that infections aremore frequentin patients 
under insuhn treatment than on imder-nutntion diets This may 
have been true in hospital practice if care was not taken to isolate 
diabetics from other persons having infections It is most certain!} 
not so in our expenence m the home, nor in hospital practice provided 
the same care is exerased to prevent hjqierglycemia as was the case 
when dietetic treatment alone was available 
The insatiable hunger of the emaaated, under-nourished, diabetic 
disappears watli the improved state of nutntion, and is replaced by a 
healthy appetite for regular meals We liaic found tliat the men- 
strual function has returned in several instances, so also, occasionally 
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has sexual desire Eyesight usually improves in those cases with lesser 
degrees of local damage The restoration of physical vigor is such 
that most patients aie able to return to work Most interesPng is 
the change in the mental state of the paPent From depression, 
melancholia, inability to think, and often black despair, paPents 
recover to an astoundmg degree their mental alertness, cheerful- 
ness and interest in their surroundings Irntabihty and insomnia 
disappear 

Previous to the use of insuhn the carbohydrate tolerance of a pati- 
ent was known to improve under smtable treatment This was not 
at all dependent upon a mystenous benefiaent influence of under- 
nutripon but upon adequate attention to the prmaple of rest to the 
damaged and overworked pancreas It probably was true that in 
some patients with a low tolerance the pancreatic function was rested 
by under-nutrition and that their tolerance improved thereby It 
cannot be too emphatically stated, however, that all grossly under- 
nourished patients did not derive this benefit and, consequently, were 
wmrse off tlian before the treatment was undertaken On the otlier 
hand many patients, adequately nourished and in whom the blood 
sugar was carefully mamtamed around normal values, exhibited as 
marked increases m tolerance or endogenous insulm production as 
starved patients Other cases, whether under-nounshed or not, 
have developed a fixity of tolerance ■which is unaffected by treatment 
The difference probably lies in the degrees of damage existing in the 
pancreas In some cases the degenerative process may have reached 
a stage where heahng takes place only by loss of functional tissue and 
in others partial restoration of damaged cells may have occurred 

Insuhn provides for some patients an opportumty for resting the 
pancreatic function, which was impossible by other methods of treat- 
ment, and as a result increases m tolerance are not uncommonly 
observed As the majority of the Toronto cases have been selected 
fiom the class of patients -svith long continued, severe diabetes it is 
natural that we have not seen so great a return of tolerance as other 
investigators The proportion of patients -with uncomplicated dia- 
betes who find It possible to discontinue insulm after a tune is compara- 
tivety small, but many show an increase m tolerance which though 
small is yet sufficient to render it possible to supply a working diet 
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with the same dose of insuhn as was previously necessary when only a 
basal maintenance diet could be given In some cases the insulin 
dosage may even be reduced It seems possible that this so-called 
recoaery of tolerance which usually occurs in the first months after 
treatment with insulin should be regarded rather as release of a 
latent tolerance submerged by previous overwork of the pancreas 
The question of an actual regeneration of islet tissue must be very 
cautiously approached It can be settled only by time and it seems 
unfair to arouse hopes that are not justified by experience In some 
of the mild cases and particularlj in the young this is a possibihty 
It may be pointed out that children, who have not attained adult body 
weight, present the additional possibility that, under careful treat- 
ment and rest of the pancreas with insulin, a normal growth of the 
pancreas with increase in age may occur and tlicreby a greater toler- 
ance for carbohydrate may be acquired Clo^e observation of some 
cases IS being made to determine this point MTietlier we are pre- 
venting diabetes m cases of acute pancreatitis with glycosuria and 
aadosis by administering insulin and reducing the diet it is impossible 
to state with any certainty Some of the cases before the days of 
insulin, recovered on a reduced diet, while others became true dia- 
betics An interesting and unexpected dex elopment in four cases of 
pancreatic with glycosuria was the marked reduction of pain after 
the administration of insulin Further obsen ations are neccssarj 

Injluotcc of age 

All patients using insulin do not receive equal benefit from its use 
In part tlus is dependent on the seventy of the disease and on various 
complicaPng factors, but there is also an influence which seems most 
directly related to the age of the patient The most satisfactory 
results arc obtained in young adults, the middle aged severe diabetics, 
and children oxer ten years The aged patient generally shows a 
much less rapid recovery of strength, gains weight more slowly, 
and he requires a proportionately larger dose of insulin to produce a 
given amount of improxement Dietetic treatment is more difficult 
m the young child because ofgreaterliabiht> to gastrointestinal upsets, 
and a tendencj to refuse food The collection of urine is more 
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uncertain and blood sugar determinations are more difficult to obtain. 
Some of the above difficulties are likewise encountered when the 
patient is treated by dietetic methods alone. When in addition the 
periodic administration of insulin is reqmred by an aged individual 
or a very young patient the mamtenance of a normal blood sugar 
level becomes decidedly more difficult 

Aged diabetics also suffer from many complications in part related 
to their age and also contributed to by the diabetic state. Cold- 
ness, numb extremities, muscle cramps, parasthesia, neuritis, ataxia, 
incoordination, etc , are dependent usually upon permanent organic 
changes in the circulatory and nervous systems, and the possibilities 
of improvement under insuhn are rather remote. 

Insulin in conditions other than Diabetes 

Woodyatt (46) suggests the use of insulin as an aid for differenti- 
ating glycosurias of diabetic origm from that of renal origin or arising 
from other causes In the renal cases where the glycosuna is small 
but continuous irrespective of diet, we have found, m agreement nith 
Woodyatt, that if the blood sugar level is low insulm in doses several 
times as great as should stop the glycosuria has no appreciable effect 
Fletcher has found that the hyperglycemia of arthritis responds to 
insulm Of more purely physiological interest is the observation of 
Hepburn and Campbell that the h 3 q)erglycemia and slight glycosuria 
of carbon monoxide poisoning in man is promptly controlled by msu- 
lin This effect of insulin was previously observed by Banting, Best, 
Colhp, Macleod and Noble (58) working on rabbits 

The use of insulin in the pernicious vomiting of pregnancy is, in our 
experience, unnecessary. No case of post-operative acidosis has 
required it and it is difficult to see what purpose it could serve. Its 
use in the non-ketonic acidoses is even more questionable, and indeed 
one may be permitted to doubt its value in conditions other than those 
in which there is a distinct deficiency of endogenous insulin produc- 
tion. Those who insist upon regarding all the ills that flesh is heir to 
as due to an indefinite endocrine unbalance will do well to pause before 
applying insulin recklessly. Insulin is a powerful drug 
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Insulin tn Diabetes m Pregnancy 

Diabetes m pregnancy presents a pecubar problem In many cases 
not one but two metabobe defects exist one, the diabetic condition, 
and tbe other a very marked disturbance of the ketogcnic-antiketo- 
genic ratio consequent upon the damage produced in the liver bv 
pregnancy In all normal pregnancies there is a deficiency of avail- 
able base and a reduced alveolar CO 2 tension, indicating a liabibtj to 
acidosis from non-ketogenic substances and, in addition, there is ina- 
bility to use as much fat, relative to total glucose, as in the non- 
pregnant state As a rule, when these patients are on an ordinary 
mixed diet or one that is relatively lugh in carbohydrate the ketogeme 
substances, since they are formed in but small amounts, do not 
contribute much to the acidosis In a proportion of cases, how ever, 
more severe liver damage exists and considerable amounts of acetone 
bodies appear in the blood and theurme Harding, in Toronto, 
has shown that most of these cases can be controlled satisfactonlj by 
admimstering glucose and an adequate amount of fluids Thalheimer 
(99) suggested the use of insulin in addition to glucose to control 
the condition in severe cases It is difficult to appreaate the use of 
tlie drug in this type of case In Toronto no case of uncomplicated 
pernicious vomiting sufficiently severe to warrant the tnal of insulin 
in addition to fluids and glucose has been encountered in the last 
two >ears 

Pregnancy in diabetics, or the development of true diabetes mellitus 
dunng pregnanej’- is especially prone to be accompanied by liver 
damage with resultant failure to bum completely the acetone bodies 
and, probably, also a relative inability to produce glycogen when the 
carbohydrate is imperfectly metabolized Particular care is neces- 
sary to avoid aadosis in these cases and when it becomes established 
the aadosis is deadedly more difficult to control — marked nausea 
and \omiting being prominent symptoms Since pregnancy during 
diabetes tends, as a rule, to increase the seventy of the patient’s dia- 
betic condition both during and, usually , after the pregnanev it is 
inad\isable for the diabetic to become pregnant The high mortal- 
itj of the fetus and young infant also renders cliildbeanng m diabetes 
hardU worth the risk to the patient Once established, however. 
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the question often arises as to whether the pregnancy should be ter- 
minated or not Joslin (81) seems to feel that it should not, and I 
would agree with him so long as it does not involve undue nsk to the 
mother In some cases induced labor a short time before term, 
particularly in primiparae, seems to me justifiable, as in well conducted 
institutions it has little influence on the fetal mortahty and saves the 
mother a prolonged parturition during which she is particularly liable 
to develop acidosis Lactation should be avoided since it is a severe 
drain on the maternal metabohsm 

The dietetic treatment in the pregnant diabetic is complicated by 
the necessity of using a larger relative proportion of glucose to fatty 
add so as to avoid addosis This should be mstituted at the outset of 
treatment and if the insuhn production of the patient is insuffiaent 
to mamtain an aglycosunc state, with a normal fasting blood sugar, 
more insulin should be supplied artificially The total glucose of the 
diet in grams should at least equal the fat The protein allowance 
should not be excessive — 1 to 1 25 grams per kilogram of body weight 
is sufficient The total energy of the diet should be maintamed com- 
paratively lower than in the nonpregnant woman and the patient, as is 
usual during pregnancy, should be taught to rest as much as possible 
In many pregnant diabetics such a plan of treatment is necessary to 
avoid addosis, the symptoms of which very much resemble and are, 
at the same time, more serious than the perm'cious vomiting of preg- 
nancy Insulin will be found necessary to carry out this program, 
and it should be noted that followdng parturition some patients may 
■with advantage revert to a diet somewhat higher in fat and lower in 
total glucose "with omission or reduction of the dose of insuhn used. 

Notwithstanding the use of treatment ordinarily effective, or per- 
haps because severe addosis is already present when the patient is 
first seen, the condition of the patient may become progressively 
worse With continued vomiting, loss of food and fluid, the patient 
grow's steadily weaker and more dehj^drated Such patients exhibit a 
most distressing and dangerous degree of addosis and may readily 
lapse into coma Insuhn should be pushed, remembering that time 
lost in the treatment of such cases cannot be made up later by larger 
dosage of the drug Insuhn used immediately will control the aado- 
sis but if this is very severe and vomiting cannot be checked it may 
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be inferred that severe liver damage has been done and that the con- 
dition wll readily recur In tlie more severe cases it becomes ob- 
viously impossible to carry the patient to term on an emergency basis 
Sometimes such a condition is coincident witli the death of tlie fetus 
and evacuation of the uterus is necessary In others abortion is the 
only recourse As tlie h\er very soon after tins operation is per- 
formed becomes capable of again metabolizing the fats the prospects 
of the mother are fairly good Professor Hendry informs me that, m 
his opinion, labor is more safely induced by bougies than by other 
methods m these seierely emaciated, dehydrated patients In the 
meantime, houever, tlie physiaan may have considerable difficulty 
controlling the patient’s aadosis on account of failure to retain an 
amount of carbohj drato suffiaent to prevent insulin hypoglycemia 
Rectal injections of S per cent glucose solution cither in small repeated 
doses or by tlie Murphy dnp metliod arc useful A solution of 5 per 
cent soda bicarbonate may also be adrmmslered in the same way 
Normal saline may be injected subcutaneously to replace fluid lost, or, 
if necessary, saline or glucose may be given intravenously The usual 
precautions in treating severe acidosis or coma should be carried out 

Insulin in infections 

In our experience the inadcnce of infections in patients sullenng 
from severe diabetes has decreased when insulin is employed in their 
treatment, and when infections occur in these patients healing pro- 
ceeds as m non diabetic patients Joslin’s (81) evpenence has been 
similar A comparison of diabetics treated in the medical and surgi- 
cal iiards of a hospital shous much more favorable results in tlie for- 
mer, due to tlie greater attention paid to proper dietetic treatment 
The patient with a surgical infection is a mucli greater burden to carry 
from the medical standpoint tlian any other type of dnbeoc, even 
including tlie coma cases In many cases that arc badly infected or 
are m such a state of acidosis that surgical operations cannot be under- 
taken, it has been found that the institution of suitable dietetic treat- 
ment with insulin has resulted either m healing of the infection or in 
such a marked improvement in the general condition that any neces- 
sary surgical interference could be undertaken wiUi relatiae safety 
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Infection undoubtedly increases acidosis and reduces the tolerance 
Pus, wherever found, should have free drainage at the earliest possible 
moment In preparing a patient for immediate operation it is advis- 
able to neglect glycosuria and concentrate attention on the acidosis for 
the time The patient with glycogen m his liver is a much better risk 
from the standpoint of acidosis and, for this reason, he should be given 
sugar or other easily available carbohydrate along with insuh’n 
Though diabetics with infection stand enormous quantities of in.qTihn 
without bad results, it is preferable to use it in the proportion of one 
unit for each gram of sugar given If the condition constitute a surgi- 
cal emergency there should be no delay beyond that necessary for the 
ingestion of the soluble carbohydrate and the injection of the insulin 
The anesthetics of choice are novocaine for intrathecal anesthesia, 
or paravertebral nerve blocking in smtable cases, or nitrous oxide 
oxygen by inhalation Ether should be used sparingly, if at all, 
chloroform never Local infiltration may sometimes be used but 
with caution, as gross damage to tissues is especially to be avoided in 
patients suffering from diabetes. In many less acute cases surgi- 
cal interference does not demand other than the routine dietetic 
treatment Simple drainage operations under nitrous oxide oxygen 
anesthesia may be imdertaken with comparative safety The patient, 
after operation, should be treated as a case of acidosis and gradually 
allowed suitable foods with enough insulin to abolish glycosuria and 
reduce hyperglycemia 

Diabetic patients suffering from pneumonia, tonsillitis, bronchitis, 
etc , should be given 400 to 600 calories more than the basal caloric 
requirement, vdth somewhat higher percentage of carbohydrate and 
protein than would ordinarily be used in treating the diabetic 
condition The meals should be small, as attractive as possible and 
more frequently served Foods high in carbohydrate content are 
used with advantage Many investigators find it difficult to keep 
such patients aglycosunc because of the wide variations in tolerance 
exhibited from day to day. Strouse and Schultz (100) foimd in a 
series of five cases with various infections that a shght glycosuria 
persisted. We have prewously noted the markedly mcreased toler- 
ance to insulin during infections and suggest the use of larger doses o 
insulin in the treatment thereof While admittedly more difficult 
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to iccompbsh jn these cases, it is behe\ed that the greatest care should 
be taken to keep the blood sugar as near the normal as possible 
The use of insulin in tuberculous diabetics has been discussed by 
several observers (101, 102) The usual effects of the drug are mam- 
fested in this disease Its use, hon ever, permits the administration of 
a larger calonc intake, so that tlie mcreased body nutrition assists in 
combating the spread of the pulmonary lesion Insulin probably has 
no specific effect beyond this Sansum beheves that the tuberculous 
diabetic treated mth insuhn has the same opportunity for recovery 
as the non-diabetic patient suffenng from this disease Among our 
cases no cures have been observed as yet but several patients show 
astonishing degrees of recovery 

EXILES FOR DIABETICS USING INSULIN 

The dietetic treatment of diabetes does not come within the scope of 
this review, which is confined to the effects of insuhn There are, 
however, certain aspects of this part of the subject that require atten- 
tion here The results of various methods of treatment have a pro- 
found influence on the insuhn requirement of any patient and also on 
Its effiaency Sufficient insuhn wall make any dietetic treatment w ork 
for a time It cannot be too strongly msistcd upon that each patient 
is worthy of the most careful study as an individual case and that he 
requires careful instruction and training in his own limitations 
dietetic requirements, the pnnaples of diabetic dietetics, the proper- 
ties of insuhn and how to admimster it, the necessary expenence in 
uranalysis and the symptoms of hypoglycemia and its treatment 
No phjsician should undertake the treatment of considerable num- 
bers of patients without submitting them to a preliminary course of 
training in a carefully regulated mstituUon 
A memorandum accompanies each bottle of insuhn, callmg atten- 
tion to the symptoms of hypoglycemia, its danger and its cure, and 
also to the method of its adimmstration Patients should also recciv e 
a memorandum in w hich the essential points in treatment arc rcaaexvcd 
Tor their convenience the following notes attached to the diet lists 
are furnished to our patients Joshn makes use of a similar method 
for reminding the patient of his necessaiy limitations 
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Injormaiion for patients 

Weigh all food carefully Learn to estimate quantity of food accur- 
ately in terms of protein, fat and carbohydrate content. Avoid 
monotony of diet by frequent change in the menu 

Arrange to get adequate rest, over-fatigue and emotional excitement 
must be avoided 

Careful regulation of the bowels, bathing, cleansing of the teeth, 
and other hygienic measures should be carried out 

Test the twenty-four hours’ urme regularly for sugar and diacetic 
acid If sugar appears in the urine reduce diet by one-third After 
sugar disappears resume wmrking diet gradually. The appearance of 
diacetic acid m the unne should be reported to your physician 
immediatel}'’ 

Most so-called diabetic foods are dangerous Refer to your physi- 
dan before usmg any such article Keep a note-book, record your 
progress and all questions you desire your physician to answer 

Comphcations, even shght ones such as colds, sore throats, boils, 
etc , are always serious in the diabebc If ill from any cause notify 
your physician, go to bed, keep warm, reduce your diet by one-third, 
take ^ pint of flmd per hour, take an enema Coma can be avoided 
by prompt treatment 

The diabetic should always keep the body weight slightly below the 
normal 

Read the directions accompanying each bottle of insulin Be sure 
your msuhn is the proper strength 

Accurate adjustment of diet and insuhn dosage is essential for 
successful treatment Do not depart from the diet or dose of insulin 
found suitable unless your physiaan so advises Avoid excessive 
exercise or heaxy work 

TTypnglyrpmffl, a condition caused by an overdose of insulin, is 
serious Early symptoms are sudden hunger, weakness, fatigue, 
nervousness, pallor and flushing The juice of one orange is usually 
sufficient to control the condition More severe symptoms are sweat- 
ing and tremulousness, marked anxiety, apprehension, dehnum, 
unconsciousness or collapse Lie down and rest Notify your physi 
cian Take a tablespoonful of com sjnup every ten minutes unb 
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relieved Alvavs have some carbohydrate, such as oranges, corn 
syrup, candies, or sugar, readil> available lor such an emergency 
If vomiting or diarrhea occur or a meal is omitted from any cause 
discontinue insulin Notify your physician Do not resume insu- 
lin until your physician so advises or you are again able to oat your 
regular meals 

If your supply of insulin is exhausted decrease the diet by one-third 
and rest Resume former diet when fresh msuhn arrives 
Remember to stenhze your synnge as instructed before witlidraw- 
ing the insulin from the bottle and inject the exact amount of solution 
required into the loose subcutaneous tissue of the body after carefully 
cleansing the shin iiith alcohol, ether or tincture oi iodine 
Order insulin sufficient for one month It ivill not deteriorate Be 
sure to order your supply allowing plenty of bmc for dela> in mails 

CONCLUSION 

Since the discovery of insulin very great advances have been made 
in our knowledge of diabetes The prognosis of the well-treated dia- 
betic today as compared mth his prognosis tu o years ago is very much 
improved It should be remembered, however, that msuhn is not a 
substitute for dietetic treatment of diabetes On the contrary, the 
patient receiving insulin trcatmentisrcquired toobserv'e the limitations 
of his disease and of his diet more closely tlian a patient treated by 
dietetic means alone, and it is, therefore, not to be employed unneces- 
sarily However, should a patient respond favorably’ to dietetic 
treatment the very existence of insulin has a profound psycluc influence 
upon him He is aw are that tlicre is now abarrier betw cen himself and 
death m coma if, for any reason, his tolerance should fail, infections 
occur, or any surgical emergency anse Secure m this knowledge that 
he has to reckon with but little more than the usual hazards of life 
and death, his vaewpoint on life has entirely changed He no longer 
IS depressed, he need no longer spend his days carefully tending the 
vatal spark, but is enabled to enjoy life and work m a more normal 
manner than heretofore 

When properly employed, insulin replaces the lost hormone of the 
diabetic pancreas, restonng the power to metabolize suffiaent food. 
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and makes it possible to treat patients in whom dietetic measures have 
failed Despite the attendant disadvantages and inconvemences, 
insuhn means life itself to these unfortunate patients hitherto con- 
demned to a short precarious existence haunted by the immin ent pres- 
ence of death. The mental rehef obtained is not less striking than the 
restored ability to work and to play now possible under insulin 
treatment 

For the treatment of the patient in acidosis or in coma, notwith- 
standmg the benefits derived from other adjuvants m the treatment of 
the former and the occasional success of these methods m the latter, 
insulm has already become the most efficient weapon in the hands of 
those skilled in its use Carefully controlled it must be, life-saving it 
undoubtedly is 

Physicians charged with the prolonged care of patients suffering 
from diabetes, rather than the treatment of the disease itself, have 
long since realized the difference between the diabetic to-day and the 
same patient two years ago. They recognize that the extra imbal 
effort in treating and training patients is more than amply com- 
pensated by the increased healtli and strength of the patients and the 
simplicity of their subsequent guidance 

Our present knowledge of insulm only reveals more clearly further 
problems to be solved Interesting in its history, fundamental in 
the recent advances in the physiology of metabolism, and of primary 
importance in the treatment of severe diabetes mellitus, many possi- 
bihties of insuhn still lie in the future 
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I. INTRODUCTION 

Shortness of breath, or dyspnoea, is not only a very frequent symp- 
tom, but likeivise one with a wide variety of causes bu the pages 
which follow an attempt will be made to enumerate, analyze and 
evaluate the vanous factors which may play a part in its production 
To start with we must get clearly in mmd just what is meant by 
dyspnoea Etymologically the word signifies difficult breathmg, 
and for the purposes of the present discussion let us assume that 
the difficulty is primarily subjective, m other words, that dyspnoea 
is in fact essentially a symptom, not a sign, the symptom that arises 
whenever in carrjnng on the respiratory function difficulty is 
encountered. 

The respiratory movements, although they may be for short penods 
controlled by the wall, are in the main involuntary and automatic 
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The function of breathing , goes on ordinanly without intruding it- 
self into the field of consciousness When, however, the respiratoiy 
organs do meet with embarrassment in the perfonnance of their 
task, then not only do their movements enter the field of consciousness, 
but they enter it unpleasantly and produce discomfort, that is to 
say dyspnoea ' 

Regarding the production of dyspnoea, therefore, I think we may 
make the general statement that dyspnoea wilX occur 'whcnaier the 
respiratory mechantsni cannot with ease functionate to the extent that 
bodily processes require 

Such a conception of the nature of dyspnoea simplifies our problem 
of analysis into a scrutiny, first, of those factors which determine 
the magnitude of the task which the respiratory mechanism must 
do, and second, of those which determine the ability of that mechanism 
to do it That is to say, we must identify and discuss those factors 
which create a demand for pulmonary ventilation, and those which 
affect the efficiency of the bellows in meeting this demand It 
becomes a question, if I may say so, of demand for and supply of 
pulmonary ventilation 

The pnme determinant of the magnitude of the demand obviously 
IS the rate of tissue respiration, or metabolism The reason that 
we make respiratory movements at all is so that our cells may be 
supplied with the oxygen they require and be relieved of the carbon 
dioxide they produce 

Krogh has pointed out that in the lower organisms, those com- 
posed of a single, or of a few cells, and living in a fluid medium, the 
gaseous excliange between cells and ennronment takes place by the 
simple diffusion of the gases through the fluid medium and the cell 
membrane and protoplasm As the animal organism becomes more 
complex such a simple arrangement will no longer seri e Diffusion 
IS fast enough for very minute distances only As the animal increases 
in sire, therefore, diffusion has to be aided and a arculation becomes 
e\ oiled Here a moving fluid medium, by its act of motion, 
carries the respiralorj' gases from one part of the organism to another 
faster than they could go bj diffusion alone Such a system, how- 

' Mciltins lu5 given Ihc following ciccUcnt dcfiniUon, “D>apnoca is Uie Consciousness 
of the necc sily for increased respiratory effort *’ 
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ever, requires a pump to maintain circulation and stations at wliicli 
the gases are exclianged first with the cell (tlie tissue capillary), 
and secondly with the outside environment, that is the respiratory 
organ in the usual sense. In the last the circulating medium or blood 
must have free opportunity for gas exchange with the outside en- 
vironment be it water or be it air 

In the respiratory organs of the smaller air breathing animals, 
Krogh has further pointed out that diffusion alone again takes care 
of gas exchange The smaller insects, for example, have a system 
of tracheae along which the gases diffuse. So short are these tubes 
that diffusion of itself carries the gases as fast as is necessary. No 
respiratory movements are required but as animals become 
larger diffusion again becomes inadequate and lespiratory move- 
ments become necessary So far has the respiratory organ itself 
become removed from the outside atmosphere that the latter 
must be actively pumped in and out, if the respiratory gases are 
to be exchanged with the blood at an adequate rate The making 
of respiratory movements, therefore, is a price which the larger air 
breathing animal must pay in return for its greater size. 

It is clear then that our search for the causes of difficulties in the 
way of external respiration, and so of dyspnoea, must start with 
tissue metabolism or internal respiration We must, in other words, 
deal with the entire mechanism by which, in the higher animal, the 
tissue cells are kept, with respect to gases, in an environment best 
suited to their normal life. Such a mechanism wiU consist of a series 
of closely interrelated parts which for convenience we may outline 
very simply as follows (1) Tissue cells which exchange gases by 
diffusion with (2) tissue fluids which in turn exchange gases by dif- 
fusion through the walls of the (3) tissue capillaries into the circulating 
fluid medium, that is the (4) blood winch is pumped laden with 
its gases by tlie force pump, the (5) heart to the (6) pulmonary 
capillaries where again by diffusion^ the gases are exchanged with 
the (7) pulmonary air which in turn is refreshed by the bellows or 
(8) tJioiax which continually washes it with the air of the (9) outside 
atmosphere. 

‘ Certain physiologists, notably J S Haldane, believe that the lung epithelium may 
actively secrete o\ygcn from pulmonary air to blood, at least at certain times 
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From this outline it becomes clear that the task imposed primarily 
by the metabohsm of the tissue cells upon the external respiratory 
mechanism, or bellows, may be modified by, and will be dependent 
upon every link in the chain We must therefore, in considering 
dyspnoea as we meet it clinically, bear constantly in mind the com- 
plex interdependence of the various elements in the great circulatory- 
respiratory mechanism, and recognize that abnormalities of any of 
these may provide the cause (of dyspnoea) for which we search 

n THE METABOLIC DEMAND TOR PHLMONARV VENTILATION 

The subject of the rate of combustion within the tissues, that 
IS to say of metabolism, provides matenal in itself for many mono- 
graphs For the purposes of the present discussion of dyspnoea. 
It mil be necessary merely to state the fundamental laws governing 
metabohsm and the several factors which may alter it in health 
or in disease 

In the first place, it may be said that the rate of metabolism is 
determmcd neither by the supply of fuel nor of oxygen In the warm 
blooded anunal it is so regulated that it never, except in disease, 
goes below a ccrtam minimal or basal level Of course metabolic 
rate is the direct expression of cellular activity, but in the warm 
blooded animal it appears that there is a basic level below which 
this activity never drops Rubner has shown that the basal me- 
tabolism is chiefly related in warm blooded ammals to the area of 
the body surface, and that expressed in terms of area, the basal 
rates for different members of aspeaes,andeven for different species, 
are remarkably constant. 

For the normal man of twenty-five years the basal metabolism 
would bo in the neighborhood^ of 40 calones per square meter of 
area per hour, and for a woman of the same age 37 calones This 
in terms of oxygen and carbon dioxide would be in the neighbor- 
hood’ of 140 cc of oxygen per square meter per minute and 112 cc 
of carbon dioxide for the man, and 128 cc of oxj’gen and 102 cc of 
carbon dioxide for the woman A man weighing 70 kgm and 160 cm 

'The exact amounts would depend on the Rcspintorj QuoUent which denotes the 
hind of food being burned 
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tall would have an area of 1 73 square meters, and a woman weighing 
50 kgm and 140 cm tall, an area of 1 36 square meters Such a 
man’s gas exchange would be about 242 cc of oxygen per minute and 
194 cc of carbon dioxide, and such a v/oman’s 174 cc of oxygen and 
139 cc of carbon dioxide 

Several things may increase cell activity, and therefore metabolic 
rate, over the basal value These we must note bnefly, especially to 
observe the relative magnitude of their effects Chief among them 
is the performance of muscular work which has a far greater effect 
on the rate of combustion than any other factor It is for this reason 
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Fig 1 Metabolism: doting Muscular Work 
Note the magnitude of the increments with varying amounts of work This diagram 
shows the results obtained with the author as subject, the work being done on a stationary 
bicycle with crgometer attachment Resting metabolism taken as 100 per cent 

that most dyspnoeas are, at least in their beginning, worse during 
exertion The degree to which muscular work can increase me- 
tabolism is shown graphically in figure 1 It wiU be seen that dunng 
moderately hard work (900 kgm m per minute) the metabolism was 
increased more than fourfold It is also interesting to note m figure 
19, which show's the data of the same experiment in somewhat different 
form, that the pulmonary ventilation was increased in essentially the 
same proportion 

The effect of food which is perhaps the next most important ac- 
celerator of metabolism is slight w'hen compared with that of work. 
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It IS greatest in the case of the proteins, and in figure 2 is shown tlie 
magnitude of the nse after a large protein meal 
The secretion of certain of the endocnne glands, especially tlie 
adrenal and the thyroid, have a profound effect on metabolic rate 
Both tend to elevate it, but the former does so rapidly (wuthin an 
hour) while the latter does so slowly (a matter of several days) 

Of other physiologic accelerators external cold may be mentioned 
As outside temperature falls the warm blooded animal preserves his 
internal temperature first by diminishing the rale of heat loss This 



Tic 2 Metabousu aftfr Me\t Inclstiov 
The c^pcnracnt was performed upon Dr Aub TIic amount of meat eaten was 500 
grams Compare the magnttude of the elevation after food with that during work shoivn 
m figure I The fasting (basal) metabolism is tal cn ns 100 per cent 

method becomes insufficient after a time, and in order to prc\ ent body 
temperature from falling, heat production has to be increased 
It wiU be seen, therefore, that the metabolism of normal persons 
will be at a basal level only when all Uiose factors which may increase 
metabolism are absent that is tlic individual must be at complete 
muscular rest, without food, in a surrounding temperature that is not 
cliillj , and in a state of mental calm, the last named because of the 
effect of emotional stress upon the liberation of adrenalin The 
subject who is in a state of excitement, even though making no 
muscular motion, may have an elcv'atcd metabolic rate 
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The actual total daily metabolism of any normal person will consist 
first, of his 24 hour basal calories which, as we have seen, are closely 
proportional to his surface area,^ and secondly, of aU the calones that 
are added for any of the causes mentioned, that is the taking of 
food, emotions, but chiefly those due to muscular work 
Passing now to disease we find several conditions in which the basal 
rate is abnormal Most conspicuous among these are those diseases 
of the thyroid gland in w^hich there is supposed to be an alteration in 
the gland’s rate of secretion In the clinical states known as hyper- 
thyroid or thyrotoxic, such as exophthalmic goiter and toxic 
adenomatous goiter, there is a marked elevation in basal metabolic 
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Fig 3 TnE Basal Metabolism of a Man while in a Normal State Taken as 100 
PER CENT, Compared with What It Might Become if He Developed MyxoedemA 
on the One Hand or Mild, Moderate or Severe Hyperthyroidism on 
THE Other 

Compare with the physiologic changes shown in figures 1 and 2 

rate, while in those known as hypothyroid, such as m)csoedema and 
cretinism, there is a marked reduction. The magnitude of these 
changes is indicated in figure 3 They should be compared with the 
phj’^siologic alterations shown in figures 1 and 2. It wnll be noted that 
in exophthalmic goiter there may be an increase of anyw^here from 
20 to 100 per cent and in m 3 csoedema a similar decrease 

There are slight differences between the sexes and at different ages 
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There are a few other diseases showing characteristic alterations 
in metabolic rate, especially the two forms of leukemia in which there 
are elevations of about the same magnitude as in exophthalmic goiter 
In pernicious anemia there is occasionally a less marked elevation, 
and sometimes, and this is of especidl interest with relation to dys- 
pnoea, there may be a moderate nse in decompensated heart disease 
A reduction m metabolic rate is found in starving persons This is 
not infrequently seen clinically in the starved or partially starved 
diabetic 

The changes found in fevers of all sorts are reasonably constant so 
DuBois has found The human organism, he believes, follows to a 
certain extent a law like that of Van’t Hoff for the speed of chemical 
reactions As temperature nses, heat production nses DuBois 
believes that the magmtude of the nse is in the neighborhood of 7 2 
per cent for each degree Fahrenheit of fever Thus a pneumonia 
patient with a temperature of 105°F might be expected to have a 
metabolic rate increase of 47 per cent from his fever alone 
In concluding this bnef rdsum6 of the phase of the problem that has 
to do with the metabolic demand for ventilation, w e may lay down as a 
general pnnciple that, other things bemg equal, pulmonary ventilation 
will be proportional to metabolic rate Substantially this pnnaple 
has been formulated by Haggard and Henderson and called the 
first law of hreathtng It will require some qualification as we proceed, 
and of course oftentimes other things arc not equal It is these 
other things that we are about to investigate, in doing so, however, 
let us keep constantly in mind the magmtude of the ventilatory task 
as it IS pnmanly determined by metabolic demand 

ni GAS TRANSPORT BY THE BLOOD 

As a first step in our study of how the metabolic demand becomes 
translated into actual ventilatory iierformance, it \m11 be desirable to 
consider bnefly the transport of the respiratory gases in the blood 
This again is a matter upon which many \ olumes have been, and arc 
y et to be, w ntten It is a field in w Inch, because of w ide spread and 
actnc in\ cstigation, theories arc constantly changing, information 
constantly adranang The work has gone on m many countries. 
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Pfluger in Germany being one of the pioneers In Denmark, Bohr, 
Hasselbalch, and Krogh, in England, Barcroft, and Haldane, and in 
this country L J Henderson, Y. Henderson, and Van Slyke have all 
made important contributions 

It is one of the basic pnnciples of physical chemistry that gases go 
into physical solution in liquids in direct proportion to their partial 
pressure or tension. Another principle is that in a mixture of gases 
the tension exerted by any one gas is proportional to the actual con- 
centration of that gas Thus in atmospheric air there is 20 9 per cent 

oxygen and the pressure of an atmosphere at sea level is 760 mm 
of mercury. The partial pressure or tension, then, of oxygen in 
atmospheric air is 


20 9 „ 

— X 760 = 159 (mm of Hg) 

100 

AH gases are not equally soluble, oxygen is far less so than carbon 
dioxide, but stiU the principle holds that the amount going into solu- 
tion is proportional to the tension When distilled water is exposed 
to atmospheric air, oxygen, nitrogen and carbon dioxide (though of 
tlie latter there is but an infinitesimal amount in atmospheric air) 
will pass from the air into solution in the water until an equilibnum is 
reached in which the tension of each gas is the same in both atmos- 
phere and water This is the saturation point for each gas at its 
existing tension. 

As far as the physical solution of gases is concerned, blood plasma 
behaves just as does distilled water, except that solubility is slightly 
less in it Both carbon dioxide and oxygen go into physical solution 
in plasma, and the relative amounts of them so physically dissolved 
are in direct proportion to their tensions The transport of gases by 
the blood, however, can by no means be explained on the basis of 
physical solution alone Blood vdll not only take up far greater 
quantities of oxygen and carbon dioxide than can be explained on the 
basis of their solubility, but a study of the amounts of gas taken up 
at different tensions shows that the capacity of the b'lood for either 
gas does not vary in direct proportion to tension The reason for 
this is that each gas not only goes into physical solution in the blood 
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plasma, but forms chemical unions with substances in the blood as 
well In the case of oxygen it is with hemoglobin, in the case of 
carbon dioxide it is largely with sodium and oUier kations to form 
bicarbonate 

The laws governing the transport of gases by blood can best be 
studied by exposmg samples of blood to vanous gas mixtures in tubes 
known as tonometers In such tubes, by slow rotation at body 
temperature, a thin film of blood is exposed to the gas mixture and in 
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Pic 4 The Cakbox Dioxide Dissociation CosiT roR Bock’s Blood 
The ordinite PCD, indicates the blood’s content of carbon dioxide in xolumesper cent, 
the abscissa PCO, the partial pressure of carbon dioxide m millimeters of mercury The 
curteO IS for completely OX} genated blood, the cunc R for completely reduced blood, 
the curve V, 1} mg between the two, is that of ordinal} venous blood A is the actual 
Mtcnal point in vi\o, and V the venous 


a short tune tension equilibrium is established Tins process is 
known as equilibration Analysis, then, of the air in the tonometer 
gives the tension of gases in the air and in the blood as well for they 
are m equilibnum, and analysis of the blood gives the actual volume 
of gas taken up per v olume of blood Bj exposing blood to a vanctj 
of tensions in this w ay curves may be plotted which show the belnvnor 
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of blood in vitro for all combinations of the two gases. I am indebted 
to Bock, Field and Adair for the privilege of using a senes of such 
curves determined very accurately during the last year for Bock’s 
blood Let us proceed to examine them 

In figure 4 we have the so-called carbon dioxide dissociation curve 
In this plot the abscissa PCO 2 gives the tension of carbon dioxide 
in the equilibrating atmosphere (and hence in the blood also) as deter- 
mined by air analysis, and the ordinate VCO 2 , the amount of carbon 
dioxide taken up by the blood in volumes per cent as determined by 
blood gas analysis. The curve 0 shows the behavior of Bock’s blood 
for all tensions of carbon dioxide between 0 and 70 mm , in the presence 
of an excess of oxygen. 

If now we plot a curve for blood similarly treated except that 
oxygen is excluded (nitrogen taking its place) we get the one shown 
at i? These two curves, similar in shape but at somewhat different 
levels, represent the combining power of Bock’s blood with carbon 
dioxide, in the case of 0 when his hemoglobin is all oxygenated, that 
is to say, when it is all oxyhemoglobin, and the case of R when it is 
all reduced hemoglobin We may call 0 his oxygenated carbon 
dioxide dissociation curve and his reduced curve. 

Venous blood contains less oxygen than arterial yet it is not com- 
pletely reduced, the dissociation curve for venous blood therefore 
lies somewhere between curves 0 and R. Its actual position for the 
usual oxygen tension of Bock’s venous blood is shown by curve V, 
(fig 4). 

These curves of course show the behavior of the blood under a far 
wider variety of conditions than ever occurs in the body. Exactly 
what is happening in the body may be discovered by obtaining (by 
artenal puncture) a specimen of arterial blood and determining its 
carbon dioxide content The appropriate ordinate for this content 
is found and the point A , which is its intersection ivith the curve 0 
(This curve may be used to represent artenal blood for arterial blood 
may be considered,^ at least for the present, as fully oxygenated ) 
The position of the point A, therefore, shows both the content and 
tension of carbon dioxide in Bock’s arterial blood In a similar way 
the point V may be placed upon the curve V to represent the content 
and tension of his venous blood A line connecting these two points. 
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as T\as first shown by Chnstiansen, Douglas and Haldane, represents 
what actually happens with respect to carbon dwade in the blood 
as It exists in the body It has recently been sho'nn b> L J Hender- 
sob to be a curve, not a perfectly straight line 
Let us pass from this to the matter of oxygen We can equilibrate 
blood with vanous oxygen mixtures in exactly the same way as with 
carbon dioxide and plot dissoaation curves In figure 5 are shown 
those obtained with Bock’s blood Two curves are given, they repre- 
sent his blood’s behaviour with respect to oxygen but at different 
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Tig 5 The Owgfn Dissociatiom Curve you Bock’s Blood 
The ordinate denotes the quantity of oxygen contained m the blood, shown at the 
right as volumes per cent, and at the left as percentage saturation The absciss'! denotes 
the tension of oxygen m millimeters of mercury The upper cur\c is that of artcnal 
blood, the lower that of venous A is the artcnal point, and V the venous 

tensions of carbon dioxide from those of his venous and arterial blood 
Just as clianges in the tension of oxygen altered the Ie\el of the 
carbon dioxide dissoaation curve, so do changes in carbon dioxide 
affect that of the oxj'gen dissociation curve In figure S Uie absassae 
represent oxygen tensions, and the ordinates the blood’s oxygen 
content in volume per cent 
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The actual carbon dioxide tensions of Bock's artenal and 
blood are 40 3 and 47 mm respectively The upper and lower 
represent the true levels of oxygen dissociation of his arter 
venous blood respectively The oxygen A and V points are 
upon the A and V curves as was done in the case of the carbon < 
points, and a line drawn between them again would represen 
actually takes place in the body, this time wnth respect to 0x5 

Several charactenstics of these curves should be emphasized 
their shapes, it wiU be observed that the carbon dioxide cun 
sharply at first and then more gradually, but nevertheless 
tinues to rise throughout its whole extent The oxygen cui 
the other hand, eventually approaches a horizontal Ime 1 
normal bloods is reached when they contain about 20 volun 
cent of oxygen, that is to say, 20 volumes per cent is the total < 
capacity regardless of tension For this reason, vith resp 
oxygen, we speak of percentage saturation When we say a b 
100 per cent saturated with oxygen we mean that it has taker 
chemical combination all of which it is capable, when 50 pe 
saturated, one half of which it is capable, etc In figure 5 tl 
centage saturation of Bock’s blood is shown by the left hand c 
of figures, the actual content at the nght The dissociation 
shows, at any given oxj'-gen tension, to what extent the total c 
capacity of the blood is used, or in other words, the relative an 
of oxy- and reduced hemoglobin present. 

We cannot speak of the percentage saturation of the blooc 
carbon dioxide as we can with oxygen, because of the fact tl 
curve does continue to rise throughout its extent Hemoglobi 
fully oxygenated at 100 mm of oxygen tension or less and incr 
the tension beyond that ivill not make it take up any more Of * 
there is a small increase in dissolved oxygen as pressure nses, b 
solubility of oxygen is so slight that this may be disregarded 
carbon dioxide, on the other hand, no such level is reached ar 
amount not only in physical solution, but chemically combir 
well, goes on increasing as carbon dioxide tension increases 
beyond any level that is ever reached in vivo. 

These relationships can perhaps be more readily understoc 
reference to figure 6 in which the two curves (oxygen and c 
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dionde) are shown togollier Not only docs tlie difference in shape 
bscome more apparent, but likewise the difference in level Both of 
these curves show a very licautiful adaptation on Uie part of the 
oigimsm to its environment 'J'hus it will be seen in the case of the 
dj-gen curve that at a tension of 80 mm or over, the blood tvill be 
93 per cent or more saturated In the lungs the area over which the 
y cdt! exposed to the air in the alveoli is enormous, about 90 square 
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a tension of about 100 mm , this means that in the lungs the blood, 
if the subject is breathing atmosphenc air, will always readily become 
nearly completely saturated with oxygen Conversely, m the tissues 
where oxygen tension is low, the blood will easily liberate oxygen 
In the lungs then conditions are such that a full load of oxygen is 
readily taken in, and in the tissues such that unloading is easy. 

The same in general is true with respect to carbon dioxide We 
should carefully note, however, that in the case of the oxygen curve 
a long arc is used in vivo which means wide fluctuations in 
oxygen tension between arterial and venous blood (in the case shoun 
in figure 6 it is 62 mm ) , while with the carbon dioxide curve, on the 
other hand, a comparatively short arc is used, which means but 
slight difference in tension between arterial and venous blood (in 
figure 6 it is 10 mm ) Nevertheless, such are the shapes of the curves 
that the volumes of gas transported, as can again be seen in figure 6, 
are not very dissimilar, the actual relation between them which 
is the so-called respiratory quotient or R Q being dependent on 
metabolism ^ 

The shifts in the curves caused by the opposite gas are of impor- 
tance, in figure 5 it may be observed that the greater the carbon 
dioxide tension, the less oxygen capacity, and vice versa, andin figure 
4, that with the carbon dioxide curve the greater the oxygen tension, 
the less the carbon dioxide capacity (at a given COs tension) This 
shift in the oxygen curve was fiirst demonstrated by Bohr, Hasselbalch 
and Karogh, and later studied more extensively by Barcroft, vhile 
that of the carbon dioxide curve was first showm by Christiansen, 
Douglas and Haldane 

The importance of these interrelationships has been thoroughly 
analyzed by L J Henderson, in bnef it is this in the lungs the fact 
that the blood takes up oxj'gen makes it easier for it to give off carbon 
dioxide and vice versa, and in the tissues the fact that oxygen is 
unloaded makes the taking up of carbon dioxide easier and wee versa. 
In other words, the taking up of one gas always facilitates the dis- 
charge of the other They have a mutually unloading effect, which 
must be regarded as a very beautiful adjustment indeed. 

‘ Unless altered by over or under breathing, as will be discussed later. 
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With respect to its respiratory function I think the proper concept 
to hold of the blood is that of a substance peculiarly well adapted, 
as we have seen, to transport the respiratory gases, bounded on the 
one hand by the tissues with which it exchanges the gases, and on the 
other by the air in the lung alveoli (alveolar air) with which it also 
exchanges the gases The exchange in each case is probably due to 
simple physical diffusion® and therefore is dependent upon the tension 
difference for each gas between blood and tissue or betiveen blood and 
alveolar air 

The tension differences in the tissues depend upon metabolism, 
circulation rate, and ventilation rate, those in the lungs upon exactly 
the same, the last, because as can easily be seen, the composition of 
the alveolar air wiU be determined by the rate at which gases are 
added to or subtracted from it by exchange with the blood, and by 
the rate at which it is washed or diluted with outside air, that is to 
say, by the rate of pulmonary ventilation 

In other w ords, in the great function of respiration in the higher 
animals, we have the triad, metabolism, blood flow, and pulmonary 
ventilation all indissolubly linked, the two last adjusted to meet the 
requirements of the first 

IV BLOOD BICARBONATE IN RELATION TO PULMONARY VENTILATION 

We are now in a position to consider the manner in whicli the 
second and third members of our tnad are adjusted to meet the 
requirements of the first 

With respect to carbon dioxide, it may be readil> seen, that the 
pulmomry ventilation and blood flow must both be so regulated as 
to eliminate the gas in the lungs at the same rate that it is produced 
in the tissues, and with respect to oxygen they must likewise be so 
regulated as to lead to the absorption of the gas in tlie lungs at the 
same rate tliat it is called for by tlie tissues A tension difference 
betw cen blood and aK eolar air must be created for each gas sufficiently 
great, at their respectii e rates of diffusion, to allow the required oxygen 
to enter the blood and the carbon dioxide produced to lea\ e it These 

* Haldane’s school l>chc\ e that under certain circumstances the lung aU eolar membrane 
aetticK secretes ox>gcn inuard, this \acu, horreter has not been gcneralb accepted 
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tension differences we have already seen are dependent, with a con- 
stant rate of metabolism, upon both circulation rate and ventilation 
rate 

The key to the problem of how they are adjusted was found by 
Haldane and Priestley in 1905 and consisted in their discovery of the 
following facts. 

1 That while the oxygen tension of the alveolar air in normal 
persons may vary vndely, that of carbon dioxide vanes very little, 
even in the face of marked vanations in total barometric pressure or 
in rate of metabolism 

2 That the addition of carbon dioxide to the inspired air even in 
very small amounts causes significant increments in pulmonary 
ventilation, but 

3 That relatively wide variations in the oxygen tension of the 
inspired air may occur with but slight changes in ventilation 

The movements of the external respiratory apparatus are known 
to be controlled by a center in the medulla, the so-called respiratory 
center If this center is destroyed, no respiratory movements can 
occur From their observations on alveolar air Haldane and Priestley 
concluded that this center had for its normal stimulus the carbon 
dioxide tension in the blood reaching it from the lungs The blood, 
which is the arterial, is essentially in tension equihbrium with the 
air within the alveoli. Any increase in the carbon dioxide tension 
in the alveolar air, and hence in the blood reaching the center, they 
believed stimulated the center and accordingly increased pulmonary 
ventilation, while any decrease had the opposite effect 

In our study of the dissociation curves in the previous section, we 
noted that in Bock’s blood the fluctuations in tension between arterial 
and venous blood, with respect to carbon dioxide, were slight com- 
pared with those of oxygen We also noted that at a certain tension 
of oxygen blood becomes saturated wuth that gas, and that increasing 
the tension above that point has no effect except to dnve a little more 
into physical solution which, because of the low solubility of the gas, 
is practically a negligible quantity, oxygen is twenty-six tunes less 
soluble than carbon dioxide In the case of carbon dioxide this 
principle does not hold With the latter gas the higher the tension, 
the greater wiU be the amount that the blood will take up 



DYSPNOEA 


327 


These things being true it will be seen that a ventilation rate 
sufficiently great at any given rate of metabolism to create an alveolar 
oxygen tension of 90 mm will saturate with oxygen the blood of a 
normal person, and that increasing it will not increase the rate of 
oxygen absorption With carbon dioxide on the other hand, the 
greater the tension difference between blood and alveolar air, the 
faster will this gas come off It will also be seen that if the ventilation 
IS raised to such a point that the elimination of carbon dioxide in the 
lungs takes place at a faster rate than that at which it is produced in 
the tissues, its quantity and tension in the blood will be dmiinished 
By excessive breathing, in other words, the body can be depleted of 
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Pio 7 The Ventilation Reaction to Inceeasino Concentrations or Careo i 
Dioxide in tiie Instired Air 

The shaded zone includes the reaction curves of normal human subjects The total 
\ cntilation with increasing concentrations of carbon dioxide in the inspired air is expressed 
in per cent of that when the inspired air contains no carbon dioxide (After Peabody) 

carbon dioxide, it cannot, howexcr, by the same process be surfeited 
with oxygen If the breathing is voluntarily increased so that carbon 
dioxide IS washed out to such an extent that its tension in the blood 
falls below the threshold of the respiratory center, then cessation of 
respiration, or apnoea, wall ensue and wall continue until the me- 
tabolism has restored the lost carbon dioxide to the tension required 
bj the center Tins apnoea production by forced breathing was 
another of the discovencs of Haldane and Pncstley and adds strong 
weight to their contention tliat carbon dioxide tension regulates lung 
a entilation 
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The ventilation reaction to increased concentrations of carbon 
dioxide in the inspired air is another strong bit of evidence of the 
extreme sensitivity of the respiratory center toward the tension of 
this gas The reaction is very constant in normal persons and its 
magnitude is shown in figure 7 taken from Peabody 

Ordinarily carbon dioxide plays the major lole in regulating the 
respiration, and the rate of ventilation is adjusted to carbon dioxide 
requirements For purposes of oxygen absorption alone the ventila- 
tion is ordinarily in excess This can be shown by the findings in any 
normal person 

Let us take Bock for example At rest his metabolism produces 
200 cc of carbon dioxide per minute and calls for 225 cc of oxygen 
per minute His oxygen dissociation curve shows that at 100 mm 
of oxygen tension his blood becomes nearly fully saturated To 
maintain the tension of oxygen in tlie alveolar air at that level when 
it is being absorbed at the rate of 225 cc per minute would require 
a ventilation of the alveoli of 3 00 liters per mmute But at this rate 
and with a carbon dioxide output per minute of 200 cc , the alveolar 
carbon dioxide tension would be about 49 mm , his actual alveolar 
carbon dioxide tension, how^ever, as the curve shows, is nearer 40 
mm , and to preserve that he requires a ventilation of his alveoh of 
3 67 liters per rmnute In other words, 3 00 liters per minute would 
saturate his blood with oxygen and give him the oxygen he requires 
but it takes 3 67 liters per minute to keep his carbon dioxide tension 
down to the level that his respiratory center demands 

Having observed the facts, w^e may now seek the explanation 
That bodily economy permits ivide fluctuations m oxygen tension, 
but only very slight ones in carbon dioxide tension, seems to point to 
the conclusion that a relatively fixed carbon dioxide tension serves 
some useful purpose Fortunately data are available which show 
that this is true 

The cells of the w^arm blooded animals we know cannot live unless 
certain conditions of their immediate environment are kept from vary- 
ing, save through a slight range, for example, the temperature, and 
more particularly the chemical reaction It is well known that 
changes in blood reaction beyond a narrow limit are mcompatible with 
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life, and the preservation of blood neutrality is .is necessarj to the 
life of the cells as is the oxygen their metabolism calls for 

The mechamsm for stabilising blood reaction is inseparably mter- 
woven with that of gas exchange from its veiy^ ongin, this because 
one of the respiratory gases, c.arbon dioxide, is at the same time in 
the form of carbonic acid ITCOs, the chief source of aad in the blood 
The amount of acid delivered to the blood tlien is going to vary 
directly avith the metabolism, therefore the neutrality regulating 
mechanism, like the pulmonary ventilation, must be adjusted to 
metabolic rate In fact we find that the pulmonary venblation itself 
IS one of the most important elements in tlie neutr,alit>' regulating 
mechanism 

Blood IS a highly buffered solution and L J Henderson has showm 
that of the vanous equilibna upon which its reaction depends, that 
between carbonic acid and the bicarbonates is by far the most im- 
portant, and in fact for all practical purposes, the hydrogen ion con- 
centration of the blood may be said to depend upon it, thus. 


(H+) = K 


(HiCO.) 

(BHCO,) 


in which (H+) is the hydrogen ion concentration, (H.COa) the con- 
centration of carbonic aad in solution and (BHCOj) the concentration 
of bicarbonatcs in the plasma K is the reaction constant under the 
Mass Lai/, and since it is a constant we may neglect it 
A little scrutiny of this equation wall give a very clear under- 
standing of tlie interrelationship between gas exchange and neu- 
trality regulation Let us consider its terms separately (H'<COs) 
the numerator of the fraction, which is the concentration of 
free carbonic aad in the blood is of course going to depend upon the 
balance between the rate at which carbon dioxide is added to the 
blood and hence upon the metabolism, and the rate at which it is 
removed .ind hence also upon pulmonary ventilation CBHCO3) the 
denominator, which is the concentration of bicarbonate, is obviously 
going to depend upon the supply of basic radicals in the blood (H+) 
or Uie hydrogen ion concentration is therefore dependent on the ratio 
betw cen free airborne aad and base 
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The problem of the body may be briefly stated thus suffiaent 
pulmonary ventilation must be supplied to remove the carbon dioxide 
produced by metabolism, but at the same time its rate of removal must 
be so adjusted to its rate of addition to the blood that its tension will 



The ordinate VCO 2 denotes the blood’s content of carbon dioxide, the abscissa FCOi, 
the carbon dioxide tension The diagonal OC denotes the hydrogen ion concentration of 
normal blood The diagonal OS divides the ordinates for all pomts falling upon OC 
into the portion of carbon dioxide physically dissolved (a), and that chemically bound (&) 
I IS a normal level carbon dioxide dissoaation curve, II is a low level curve A is the 
artenal point of I, Ai is the artenal pomt of 11 

bear a certain nearly fixed ratio to the blood bicarbonate, this in order 
that the blood reaction may be kept from more than slight alteration 
The problem can perhaps be made clearer by the use of the geo- 
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mctnc method of representabon used b> Haggard and Y Henderson 
Let ns therefore return to the dissociation curve In figure 8 two 
such curves are shown, one at a normal level (curve I), one at a low 
level (curve II) The ordinates of these curves, it will be remembered , 
are the total carbon dioxide content of the blood, this total being made 
up of dissolved carbon dioxide (HjCOj) and combined carbon dioxide 
(BHCOa) The first of these, however, we have already noted, is 
directly proportional to the carbon dioxide tension, therefore Haggard 
and Henderson draw a line OS which represents the amount of carbon 
dioxide in physical solution for any tension of that gas This line 
cuts the ordinates of our curves and the portion of each ordinate below 
OS represents the dissolved, while the portion above represents com- 
bined carbon dioxide But these two portions of the ordinates are in 
fact identical with the two terms of the equation in one algebraic 
expression, and if we call the lower portion, a, and the upper, 6, we 
have 


(H.CO.) ^ 

(BHCO,) “ b 

therefore ^ is also equal to the hydrogen ion concentration Tor 

curve I the particular ordinate drawn is the one which passes through 
the arterial point A It wiE be seen that for no two points in that 

particular curve will ^ have the same value If, how ever, w e pass to 

curve H, the artenal point of which A' lies on the same straight line 

a a' 

OC as does A, then we find that^= because the tnangles involved 

are similar Tlie line OC, therefore, denotes a certain hydrogen ion 
concentration, and other straight lines may be drawn through O 
representing other hydrogen ion concentrations, and our carbon 
diovnde dissoaation curve (with its artenal point) or carbon dioxide 
diagram as Haggard and Henderson call it, shows us not only the 
blood carbon dioxide tension and content, but the concentration of 
dissolved and combined carbon dioxide and the hydrogen ion con- 
centration as well 
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For ordinary use we need not construct the hne OS, for just as for 
;he points A and is it true that 

a b — a' 6' 

;o is it also true that 


a + b c=a> + b> c' 

out a-\-b equals the total blood carbon dioxide content while c equals 
:arbon dioxide tension, so we can for every day use think of the 
carbon dioxide content as determined by blood gas analysis as equiva- 
lent to (BHCO3), and the carbon dioxide tension as determined by 
air analysis as equivalent to (H2CO3), and their ratio, which is shown 
by the position of their intersection (the A or V points) when related 
to radii drawm through 0 , gives the (H+) or blood reaction. 

Carbon dioxide diagrams of this sort will answer the problem raised 
by the title of this section, namely what the blood bicarbonate level 
has to do with pulmonary ventilation 

As we study the blood in disease under certain circumstances we 
find carbon dioxide curves occupying positions lower than normal, 
as for example curve II in figure 8 If, however, we plot the artenal 
points for such curves, we often find as is shown in curve II, that there 
IS little or no tendency toward change in hydrogen ion concentration 
The arterial points tend to fall on a single diagonal or on diagonals 
in close proximity This fact has led to the modification of the original 
Haldane-Pnestley theory to the belief that what the respiratory center 
really reacts to and what in truth regulates lung ventilation is blood 
hydrogen ion concentration, not carbon dioxide tension It is to 
preserve blood neutrality, not blood carbon dioxide tension, that the 
meclianism is designed Of course with dissociation curves at a 
constant level carbon dioxide tension -will remain constant as well as 
hydrogen ion concentration, but when the level is changed by disease 
or in other ivays, as in curve II, it is found that it is the hydrogen ion 
concentration which the organism seeks to keep constant, not the 
carbon dioxide tension This principle was first discussed by Hender- 
son in 1909 and was later developed by Winterstein and Hasselbalch 
and accepted by Haldane 

Consider the points A and A', they both fall on the same diagonal 
OC, and hence their hydrogen ion concentration is the same Their 
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abscissae, however, show that in the case of A the carbon dioiade 
tension is much higher than in that of A! The blood and alveolar 
air we have noted are in tension equihbnum, therefore in order to 
preserve a normal blood reaction, it is clear that the subject whose 
curve lies in the position II must ventilate his alveoli at a much higher 
rate than the subject whose curve lies in position I Now the level 
of the curve is determined by the amount of base available to form 
bicarbonates The curve level therefore, or blood bicarbonate, wiU 
determine the amount of pulmonary ventilation necessary to eliminate 
a given quantity of carbon dioxide per unit of time In health the 
curve level vanes but little, in disease it may \ ary widely What 
factors may cause it to vary will be discussed later, the pomt tliat I 
should like to emphasize now is that to accompbsh the elimination of a 
given quantity of carbon dioxide and at the same time to preserve 
normal blood reaction ivill require more lung ventilation for the 
person ivith a low level curve than for one with a higher one With 
regard to the amount of work that the pulmonary bellows has to do, 
there is greater economy of effort with high than with low levels of 
blood alkali Why the curves of normal men he at just the level they 
do IS undoubtedly due to vanous factors For our present purposes 
It IS interesbng to note that their level is such as to secure a rate of 
ventilation ordinanly in excess of the requirements for oxygen absorp- 
tion which may possibly be regarded as, in part at least, a safeguard 
against possible asphyxia 

We can conceive a curve lying at a considerably higher level than 
that of the normal one show n An indivndual with such a curve w ould 
require less ventilation as far as CO 2 elimination is concerned, but if 
he had less ventilation he w ould have a low er alveolar oxygen tension, 
and if this process w ere earned far enough tlie pomt w ould come when 
alveolar oxygen tension would fall so low that the blood W’ould no 
longer get saturated in the lungs and anoxemia would result For 
example, a man having an oxygen absorption of 200 cc per minute, 
at a v^entilation of 3 3 liters would hav'c an alveolar oxygen tension 
of about 110 mm , but if tlie height of his carbon dioxide curve were 
doubled as far as CO. elimination and aad-base balance is concerned, 
he could get along wath half that or 1 6 liters But at tins rate of 
ventilation his alveolar oxjgcn tension would be but 55 mm whidi 
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reference to figure 5 will show is not adequate to saturate his blood 
He would be constantly in danger of oxygen want 

The sum and substance of the relation of gas exchange and neutrality 
regulation to pulmonary ventilation has been very lucidly stated by 
Haggard and Henderson in what they call first and second laws of 
breathing The first we have already alluded to incompletely in an 
oarlier section They may both be now set forth in full 

The first is as follows “At any one level of tlie CO2 dissociation 
curve or arterial alkali, the pulmonary ventilation vanes directly as 
the mass of CO2 eliminated, and the alveolar and artenal tension of 
CO2 therefore remains constant ” 

The second is the corollary of the first, and is this, “At different 
levels of the dissociation curve the pulmonary ventilation, per unit 
mass of CO2 eliminated, vanes inversely, and tlie artenal CO2 tension, 
therefore, vanes directly, as the amount of alkali which m the con- 
dition of the blood at the tune, as expressed m its dissociation curve, 
will afford the normal Ch” (hydrogen ion concentration) 

In somewhat simpler language the essential points of the first law 
nmount to this , — wtth a constant carbon dioxide tension ventilation will 
vary directly with carbon dioxide output , — and those of the second law 
to this , — With a constant carbon dioxide output ventilation will vary 
inversely as the carbon dioxide tension These two which follow of 
necessity from the carbon dioxide diagram will make dear many of the 
phenomena of respiration and neutrabty regulation which without 
them are often difficult to comprehend. They of course do not hold 
when the blood reaction is shifted or the sensitivity of the respiratory 
center changes 

V BLOOD ELOW IN RELATION TO PULMONARY VENTILATION 

Of the rate and method of regulation of the blood flow far less is 
known than in the case of pulmonary ventilation The latter can 
be readily measured by respiration apparatus, the former can only 
be estimated by indirect means 

So far two general pnnciples have been employed to determine 
. the rate of circulation in man One, typified by tlie method of 
Krogh and Lindhard, depends upon the observation of the rate of 
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absorption in the lungs of a neutral 'gas such as nitrous oxide which 
forms no chemical union with blood but merely goes into physical 
solution The other, the pnnciple of Tick, depends upon the cal- 
culation of the minute volume of tlie blood stream from either of the 
respiratory gases by determining its rate of exchange and its concen- 
tration in the artenal and venous blood, thus 


BF 


0 , 


(aOj) — (vOj) 


X 100 or B r 


CO, 


(vCO,) - (aCOj) 


X too 


in which B F is blood flow in cubic centimeters per minute, Oj oxygen 
absorption per minute, (aO,) artenal oxjgen content in volumes per 
cent, (vOr) venous oxygen content in volumes per cent, and in which 
CO- IS carbon dioxide elimination in cubic centimeters per minute, 
(vCO") venous and (aCOi) artenal carbon dioxide content in volumes 
per cent 

Thus if a given subject’s oxygen absorption were 200 cc per min- 
ute, his artenal oxjgen content 20 volumes per cent and his venous 
IS volumes per cent, his blood flow would be 4000 cc per minute 
or 4 hters 

Both pnnciples are open to cntiasm, the Krogh-Lmdhard because 
It is believed by some that the respiratory gymnastics through which 
the subject has to go in order that the required air samples be obtained 
disturbs his circulation to such an extent that the results are of little 
value The Fick pnnciple is cnticized because of the extreme difficulty 
of obtaining accurate measurements upon the mixed venous blood 
For the purposes of the present paper it is not necessary to enter the 
controversy concerning these two It is, however, desirable to 
know that such a controversy exists and to appreciate in review- 
ing the available data that they are all open to question 

In table 1, 1 have collected from the literature and from personal 
w ork certain estimations of the blood flow in man In this table are 
shown the subject’s blood flow m liters per minute, the pulse rate, 
and the output of the heart per systole, wluch last is of course the 
total flow dmded by the pulse There is also a column labelled co- 
efiiaent This factor is an interesting one and needs a word of 
comment W’e noted watli regard to ventilation that the rate was 
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apparently in excess of what would be needed for purposes of oxygen 
absorption alone So too in the case of blood flow there is what ap- 
pears to be at first sight a rate in excess of what might theoretically 
be required simply to transport oxygen 
The blood, we know, has a certam capacity for oxygen, this being 
incidentally proportional to its hemoglobin content A person TOth 
100 per cent hemoglobin according to the ordmary scale has an oxy- 
gen capacity of approximately 20 volumes per cent, one with 50 per 
cent hemoglobin just half of that The blood as it passes through 
the lungs has an opportunity to become almost completely saturated 
(about 95 per cent in point of fact) The venous blood returning 
to the lungs still has a considerable load of oxygen, perhaps 15 vol- 
umes per cent, which would mean that it was seventy-five per cent 
saturated. In other words, of the total capacity of the blood to carry 
oxygen there is actually used in this instance only 95 to 75, or 20 per 
cent This proportion of the oxygen carrying power actually muse 
has been called by Krogh and Lmdhard the coefficient of utilization of 
the oxygen carrying capacity " It is an interesting factor for it is 
obvious that "with regard to oxygen transport it is an index of the 
relative economy of the circulation 

For example, in figure 9, I have shown quite diagrammatically 
two arrangements Let us suppose a normal person with 100 per 
cent of hemoglobin and an oxygen capacity therefore of 200 cc 
per liter, and a metabolic call for oxygen amounting to 200 cc per 
minute If now with respect to oxygen transport such a subject used 
his circulation to its greatest possible efficiency, he would in his tis- 
sues remove all the oxygen and return venous blood completely re- 
duced Under these circumstances it is evident that he would 
require a blood flow of but one liter a mmute, and would have a coef- 
fiaent of 100 per cent (To simphfy the present illustration I am 
supposing that the blood becomes 100 per cent saturated in the lungs, 
as stated before, actually it becomes about 95 per cent saturated) 
This arrangement is shoivn in the upper part of the diagram. It 
would never occur in health but might be approached m disease 
What happens in health is much more like the arrangement shown 
in the lower part of the diagram where four liters of blood flow per 
minute and where the venous blood returns 75 per cent saturated. 
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gmng a coeffiaent of 25 per cent Under the latter circumstances 
it requires four tunes as much work on the part of the heart to accom- 
plish the same result, but we shall see later why for other reasons 
this higher flow may be desirable 

Table 1 shows that the different methods give results widely apart 
in some instances for the blood flow, the coeffipent and the systohc 
output dunng rest, the mam stumbling block is the value of the co- 
efiicient Of course we can draw blood from an arm vein and deter- 
mine its oxygen content, but the blood in the arm vein may be different 
from that in the mixed venous blood that reaches the heart The 

200cc pm 
200 CC p L 
T V ^ 

CftlOO%0^5^t 


>-> J>-> 


Cft25% 75% Sat 

rio 9 Schema o? thf Blood Flow in a NoitiiAL Person 
The large rectangles denote liters of blood, the black portions denote 'n olumes of o:^*gcn 
It IS assumed that the indiMdual’s o^gen absorption is 200 cc per minute, and tliat the 
ox>gcn capacit> of his blood is 200 cc per liter Two theoretical alternative conditions 
of the blood flow are shown In the upper, one liter of blood arculatcs per minute In 
the lungs (/I) It takes up 200 cc of oxjgen This entire load is left in the tissues (T) 
The blood on returning to the lungs (10 therefore contams no oxjgcn The coefiiaent 
of utilization of ox} gtn canying pow cr {Cft ) is therefore 100 per cent In the lower, the 
blood flow is41iterspcrmmutc Four liters ofblood take up 800 cc ofoxjgcnin the lungs, 
but since again only 200 cc are unloaded m the tissues, the blood returning to the lungs 
contams 600 cc , that is to saj , is still 75 pi-r cent saturated with oxygen The cxicffiatnt, 
under these areumstances, is onl> 25 per cent 

question is, w hat part of tlieir ox> gen carrying power do normal persons 
use? In table 1 \ alues will be found for the coefScicnt running from 
18 to 40 per cent for rest ind from 44 to 64 per cent for work Greater 
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variations than that could be found in the literature During 
rest the Krogh-Lindhard method gives the higher coefiBcients. Dur- 
ing work there is far closer agreement between the different methods, 
particularly with respect to the blood flow In fact, so well do the 
figures for the latter agree during work that, when one considers 
that they are arrived at by two totally different prmaples, it seems 
reasonable to conclude that they are somewhere near the truth 
Another point of interest is that with all subjects, regardless of method, 
tlie coefficient increases during work, which may be taken to mean a 
better economy of the circulation dunng work 
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The blood flow, the coefficient, and the systolic discharge dunng 
rest remain the chief doubtful points Y Henderson as a result 
of plethysmographic studies on the hearts of animals concludes that 
systolic discharge is very constant He beheves that the heart delivers 
the same quantity of blood per beat regardless of its rate, this quantity 
being in humans between 1 5 and 2 cc per kilogram of body weight 
If he IS right of course blood flow is directly dependent upon pulse 
rate In table 1, I have shown what my own blood flow would be 
on his theory, taking 1 75 cc per kilogram as the systolic ou^ut 
The restmg blood flow and systolic output by this method of estima- 
tion are double those by the Hrogh-Lmdhard method, the coefficient 
is half At work, however, the values by the two methods are 
essentially the same 
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In other -words, Krogh and Lindhard and their followers believe 
that at rest systolic output is smaller than dunng w ork and that the 
resting blood flow is between 3 and 5 hters Henderson, on the 
contrary, believes the resting flow to be about double tliat, and the 
volume per systole as great as dunng work The Henderson theory 
presumes an increase in blood flow dunng work due solely to an in- 
crease in pulse rate, the K,rogh-L\ndhatd an increase in flow due both 
to an increase in pulse rate and to an increase in the output per sys- 
tole, hence a relatively greater increase in flow The Henderson new 
requires a greater increase m coeflkient than the Krogh-Lindhard 
It IS interesting to note that the results obtained by Pick’s principles 
are divided Those on Douglas resemble the Henderson figures, 
those on Peskett the Krogh-Lindhard The rest experiment by 
Burwell and Robinson also agrees closely with the Krogh-Lindhard 
In conclusion we may say that the resting flow is uncertain, the 
resting coefficient uncertain, but that the former probably lies be- 
tween 3 and 9 liters per minute, the latter between 15 and 45 per 
cent The flow m work is far more definite, being between 13 and 
19 hters and the coeflicient 40 to 65 per cent I should add that the 
work m the experiments in question was of moderate severity, being 
equivalent approximately to climbing stairs at a rate of about 60 
steps per minute 

The question now arises ivhy is the blood flow' as rapid as it appears 
to be? I\Tiy do we flow four or more liters at rest when it,would 
appear that the necessary oxygen could be carried with two or less’ 
A consideration of carbon dioxide transport and neutrality regula- 
tion will answer this question Let us turn therefore once more to the 
carbon dioxide diagram In figure 10 is shown a normal dissociation 
cun e (Bock’s) with its arterial point A Reading off on the diagonals 
we find a pH for this point of 7 33 ’ The dissoaation cun'c for 
xenous blood (assuming the oxygen saturation to be 65 per cent) 
with Its xenous point P‘ is shown lying just above the arterial The 
pH for the point F‘ is 7 30 The amount of carbon dioxide taken up 
by the blood appears to be 5 volumes per cent and the increase in 

’pll IS Ibc loRnnibinic method of expressing h>drogcn jon concentration At true 
ncutrabl> Ibc pll is 7 00 Uic pU nsc^ the reaction becomes more alkaline 
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variations than that could be found in the literature During 
rest the Krogh-Lindhard method gives the higher coefficients Dur- 
ing work there is far closer agreement between the different methods, 
particularly with respect to the blood flow In fact, so well do the 
figures for the latter agree during work that, when one considers 
that they are arrived at by two totally different pnnciples, it seems 
reasonable to conclude that they are somewhere near the truth 
Another point of interest is that with all subjects, regardless of method, 
the coefficient increases during work, which may be taken to mean a 
better economy of the circulation dunng work 
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The blood flow, the coefficient, and the systolic discharge dunng 
rest remain the chief doubtful points Y Henderson as a result 
of plethysmographic studies on the hearts of animals concludes that 
systolic discharge is very constant He beheves that the heart dehvers 
the same quantity of blood per beat regardless of its rate, this quantity 
being in humans between 1 5 and 2 cc per kilogram of body weight 
If he is right of course blood flow is directly dependent upon pulse 
rate In table 1, I have shown what my own blood flow would be 
on his theory, taking 1 75 cc per kilogram as the systolic output 
The resting blood flow and systolic output by this method of estima- 
tion are double those by the Krogh-Lindhard method, the coefficient 
IS half At work, however, the values by the two methods are 
essentially the same 
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In other words, Krogh and Lindhard and tlieir followers believe 
that at rest systolic output is smaller than dunng work and that the 
reshng blood flow is between 3 and 5 liters Henderson, on the 
contrary, believes the resting flow to be about double that, and the 
volume per systole as great as during work The Henderson theory 
presumes an increase in blood flow during work due solely to an in- 
crease in pulse rate, the Krogh-Lindhard an increase in flow due both 
to an increase in pulse rate and to an increase in the output per sys- 
tole, hence a relatively greater increase in flow The Henderson view 
requires a greater increase in coefficient than tlie Krogh-Lmdhard 
It is interesting to note that the results obtained by Tick’s pnnciples 
are divided Those on Douglas resemble the Henderson figures, 
those on Peskett the Krogh-Lmdhard The rest experiment by 
Bunvell and Robinson also agrees closely with the Krogh-Lmdhard 
In conclusion we may say that the resting flow is uncertain, the 
resting coefficient uncertain, but that the former probably lies be- 
tween 3 and 9 liters per minute, the latter between IS and 4S per 
cent The flow in work is far more definite, being between 13 and 
19 liters and the coefficient 40 to 65 per cent I should add that the 
work in the experiments in question was of moderate seventy, being 
equivalent approximately to climbing stairs at a rate of about 60 
steps per mmutc 

The question now arises why is the blood flow as rapid as it appears 
to be? Why do we flow four or more liters at rest when it, would 
appear that the necessary oxygen could be carried with two or less’ 
A consideration of carbon dioxide transport and neutralitj regula- 
tion will answer this question Let us turn therefore once more to Uie 
carbon dioxide diagram In figure 10 is shown a normal dissociation 
curve (Bock’s) with its arterial point A Reading off on die diagonals 
we find a pH for this point of 7 33 ’ The dissociation curve for 
xenous blood (assuming the oxygen saturation to be 65 per cent) 
With Its venous point is shown lying just aboxe the arterial The 
pH for the point is 7 30 The amount of carbon dioxide taken up 
by the blood appears to be 5 volumes per cent and the increase in 

^pll 13 the loKanthtnic method of exprrising h>drogcn ion concentration At true 
ncutraUl> the pH is 7 00 As the pH n<cs tlie reaction becomes more nlkalinc 
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variations than that could be found in the literature During 
rest the Krogh-Lindhard method gives the higher coefficients Dur- 
ing work there is far closer agreement between the different methods, 
particularly with respect to the blood flow In fact, so well do the 
figures for the latter agree during work that, when one considers 
that they are arrived at by two totally different pnnciples, it seems 
reasonable to conclude that they are somewhere near the truth. 
Another point of interest is that with all subjects, regardless of method, 
the coefficient increases dunng work, which may be taken to mean a 
better economy of the circulation dunng work 
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The blood flow, the coefficient, and the systolic discharge dunng 
rest remain the chief doubtful pomts Y Henderson as a result 
of plethysmographic studies on the hearts of animals concludes that 
systolic discharge is very constant He believes that the heart delivers 
the same quantity of blood per beat regardless of its rate, this quantity 
being in humans between 1 5 and 2 cc per kilogram of body weight. 
If he is nght of course blood flow is directly dependent upon pulse 
rate In table 1, I have shown what my own blood flow would be 
on his theory, taking 1 75 cc per kilogram as the systolic output 
The resting blood flow and systolic output by this method of estima- 
tion are double those by the Krogh-Lindhard method, the coefficient 
IS half At work, however, the values by the two methods are 
essentially the same 
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In other words, Krogh and Lmdhard and their followers believe 
that at rest systolic output is smaller than dunngwork and Uiat the 
resting blood flow is between 3 and 5 liters Henderson, on the 
contrary, believes the resting flow to be about double that, and the 
\olume per systole as great as dunng work The Henderson theory 
presumes an increase in blood flow dunng work due solely to an in- 
crease in pulse rate, the Krogh-Lindhard an increase in flow due both 
to an increase in pulse rate and to an increase in the output per sys- 
tole, hence a relatively greater increase in flow The Henderson view 
requires a greater increase in coefficient than the Krogh-Lindhard 
It IS interesting to note that the results obtained by Pick’s principles 
are divided Those on Douglas resemble the Henderson figures, 
those on Peskett the Krogh-Lindhard The rest experiment by 
Burwcll and Robinson also agrees closely with the Krogh-Lindhard 
In conclusion we may say that the resting flow is uncertam, the 
resting coefficient uncertain, but that the former probably lies be- 
tween 3 and 9 liters per minute, the latter between 15 and 45 per 
cent The flow in work is far mote definite, being between 13 and 
19 liters and the coefficient 40 to 65 per cent I should add that the 
work in Oie experiments in question was of moderate severity, being 
equivalent approximately to climbing stairs at a rate of about 60 
steps per minute 

The question now arises why is the blood flow as rapid as it appears 
to be? Why do we flow four or more liters at rest when it would 
appear that the necessary oxygen could be earned with two or less’ 
A consideration of carbon dioxide transport and neutrality regula- 
tion will answer this question Let us turn therefore once more to tlie 
carbon dioxide diagram In figure 10 is shown a normal dissociation 
curve (Bock’s) witli its arterial point A Reading off on the diagonals 
we find a pH for tins point of 7 33 ’ The dissociation curve for 
venous blood (assuming the oxygen saturation to be 65 per cent) 
With its venous point P‘ is shown lying just above the arterial The 
pH for the point W is 7 30 The amount of carbon dioxide taken up 
by the blood appears to be 5 volumes per cent and tlie increase in 

’pti vs live leganthmvc vneUiod oi expressing tv>tlroEcn ion concentniiion \t true 
ncutniUl> the pit IS 7 00 As the pH nscs the reaction becomes more all aline 
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carbon dioxide tension 7 5 mm These relationships are as we ac- 
tually find them in the normal subject It will be noted that the 
necessary carbon dioxide is transported with only an insignificant 
change in blood reaction Let us suppose that the individual whose 
curves we have just examined has a carbon dioxide output of 200 cc 
per minute and a blood floiv of four liters Then let us suppose his 

^ 4> ■v> -v® 



Tension OFCOaiNimm.OFlig. 

Fig 10 The Carbon Dioxide Diageaji Showing the Effect of Rate of Blood 
Flow upon the Position of the Venous Point 
The curves are the same as those shown in figure 4 for Bock’s blood A senes of 
diagonals indicating the hydrogen ion concentration have been added A denotes the 
arterial point, Fi the venous point, at an assumed blood flow of 4 liters per minute, and a 
carbon dioxide output of 200 cc per minute Should the carbon dioxide output remain 
the same, and the blood flow drop to one liter per minute, the venous point would occupy 
the position shown by Fs In the first instance the difference in hydrogen ion concentra- 
tion bctueen artenal and v^enous blood is 0 03, in the second it is 0 14 The difference in 
carbon dioxide tension in the first instance is 7 5 mm , in the second it is 37 mm 
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flow IS reduced to one liter It is obvious that liis venous blood 
would have 20 volumes per cent of carbon diovide added to it instead 
of 5 Under these conditions the level of the dissociation curve 
would rise to that of completely reduced blood as shown, but even 
then when we place the venous point upon it, for a level of car- 
bon dioxide content 20 volumes per cent abov'e the arterial, we find 
that carbon dioxide tension has increased to 77 mm and that tlie 
pH has become 7 19, which is a distinct move in the direction of 
acidity 

It IS quite apparent therefore that the slower the blood flow the 
greater will be the fluctuation between arterial and venous carbon 
dioxide tension and reaction The slower the flow the less perfect 
will be neutrality regulation, the faster the more perfect In the 
case supposed, with the slow flow tlie venous blood is definitely 
nearer acid than it should be, while with the higher flow there is but 
an insignificant cliangc between arterial and venous It seems 
fair to conclude, therefore, that although it necessitates more work 
on the part of the heart, a blood flow sufficiently rapid as to use but 
45 per cent or less of the oxygen carrying capacity of tlie blood confers 
material benefits to the organism in the matter of neutrality regula- 
tion Besides this it is of course altogether probable that certain 
organs such as the kidney require a high rate of blood flow for reasons 
other than those of gas exchange and the total flow may be in part 
kept high to meet their needs, but the stabilizing of blood reaction and 
tlie minimization of the changes between arterial and venous blood 
m tliat regard would seem to be the most fundamental determinant 
of the circulation’s relative rate 

Pulmonary ventilation and blood flow then are both pitched at 
sudi rates as will, while taking care of the metabolic demands for 
gas transport, at the same time preserv'e blood reaction and, by pro- 
viding a wide margin of safety wnlh respect to oxygen tension, obv'ntc 
any danger of asphyxia even though through muscular work or other 
agencies the metabolism may undergo rapid and gross alteration 
Since they subserve the same purposes it would appear reasonable 
to suppose that their rates arc similarly controlled That carbon 
dioxide tension or blood reaction regulates blood flow as well as 
pulmonary ventilation has already been suggested bj more than 
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one author (Y Henderson, also Boothby) It, however, remains 
a suggestion thus far, although seemingly a likely one 

I shall have more to say on this general subject when we come to 
consider the relationships which may occur in the slow blood flow of 
heart disease and the imperfect oxygen carrying power of the blood 
in anemia and allied states 

THE EFFICIENCY OF THE PULMONARY BELLOWS 

We may now properly give some thought to the factors which m 
the beginning of the article I classified as the ones which detemime 
the supply of ventilation By that I meant those which affect the 
ability of the respiratory bellows to accomplish the task imposed 
upon it Tins abihty will depend among other things, as with any 
pump, upon the volume of stroke that can be delivered and the 
number of strokes that can be made in a unit of time 

In the case of the lungs the greatest possible stroke is but rarely 
employed Nevertheless, as Peabody has shown, its magmtude 
bears an important relation to the functional ability of the bellows 
If following the greatest possible inspiration we require a person to 
expel forcibly from his chest every bit of air that he can, the volume 
so expelled is called his vital capacity This vital capacity does not 
represent the total capacity of his lungs to hold air, for after a maxi- 
mum expiration, since the chest can not be completely collapsed, a 
certain amount of air remains m the lungs The air so remainmg is 
called the residual air The vital capacity plus the residual air 
constitutes the total capacity of the lungs In normal breathmg 
at rest the whole vital capacity is not used The subject can always 
expire or inspire a considerably greater volume than that of the 
ordinary expiration or inspiration The amplitude of the usual 
tidal respiration is from 500 to 550 cc Ydien the chest is midway 
in such a normal respiratory excursion it is said to be in the midposi- 
tion The air that can be taken in by a maximal inspiration over 
and above the capacitj'- at the midposition is called the complemental 
air and similarly that which can be expelled from the midposition 
is called the reserve air Vital capacity therefore consists m com- 
plemental plus reserve air, and total capacity in complemental plus 
reserxm plus residual air 
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Numerous observers have studied the magnitude of these several 
factors both m health and disease Since m tlie latter there may 
appear marked alterations it will be worth while to spend a little 
time examining the normal values 

The vital capacity, the complemcntal, reserv'c, and tidal air can 
easily be determined by causing the subject to breathe into a cali- 
brated spirometer To determine tlie residual air, however, re- 
quires an indirect method Bohr, for example, made his subjects 
after a maximal expiration inspire a known quantity of hjdrogen 
from a spirometer Several breaths served to mix the aur m the 
lungs and spirometer, and then by gas analysis the dilution of the 
hydrogen by the residual air was determined and tlie v'olume of tlie 
latter calculated Bohr giv'es values for the residual, reserve and 
complemcntal air m normal persons, so also do Rubow, Peabody 
and Wentworth, and Lundsgaard and Van Slyke The first three 
investigators got results which are in close agreement, Lundsgaard 
and Van Slyke got rather higher values for the residual air This 
may be because their method was different Bohr and Rubow used 
the hydrogen mixture method, Lundsgaard and V.in Slyke used 
nitrogen 

In 8 normal men Bohr found the average residual air to be 1 19 
liters, the reserv'c air 2 13 and the complemcntal air 2 SS Rubow 
in 8 normal women found the average residual air to be 1 16 liters, 
reserve air 139 and the complemcntal air 188 Lundsgaard and 
Van Slyke m 10 normal men found the residual air to be 1 67 liters, 
the reserve air 1 84 liters and the complemcntal air 2 48 liters, and 
in 7 women, residual air 1 21 liters, reserve air 1 38 and complemcntal 
air 1 80 liters 

In any given person we must have a standard of comparison for 
judging of the normality of any of these factors Peabody referred 
his data to height and m his paper gives a set of normal standards 
for persons of different heights and for tlie two sexes Lundsgaard 
and Van Slyke got a somewhat closer relation by measuring tlie 
thorax and estimating its tlicoretical capacity More recently 
Dreycr in a very' careful study of a series of normal individuals has 
shown fairly conclusively that vital capacity in normal persons is a 
simple function of their surface arc is Tins is not surprising for 
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we have noted tliat normally metabolism is proportional to area, 
so it follows that the capacity of the respiratory bellows, the duty 
of which is primarily to exchange the gases of metabolism, must like- 
wise bear some relation to area West has confirmed Dreyer’s find- 
ings and has published the following standards for the vital capacities 


of normal persons 

Vital capacity of normal persons 



PER SQUARE UETER 
or BOD\ SURTACE 



liters 

Men 


2 5 

Women 


2 0 

Athletes 


2 8 


These standards will serve very well for routine clinical use The 
surface area can readily be obtamed from the height and weight by 
DuBois’ “height-weight chart ” The vital capacity actually found 
in a patient divided by his surface area can be compared with the 
appropriate standard and expressed as a percentage variation above 
or below it 

As Dreyer points out, different standards will probably have to 
be used for different classes of individuals, for just as athletes have 
a relatively greater capacity than other normal persons, so too, dif- 
ferent classes in the commumty wiU undoubtedly show different 
average values dependent on their occupation, physique, etc Vana- 
tions due to age undoubtedly will be found as well Until such 
standards are worked out by extensive observation, the standards 
given by West wdl serve very well as a reasonably close approxima- 
tion for the study of the vital capacity in disease 

Havmg ascertained the normality or abnormahty of any given 
vital capacity we next wish to know whether the level of the mid- 
position bears a normal relation to it This can be discovered by 
determining the normal relation of reserve and complemental air. 
We also want to know the relation of residual air to vital capacity 
It IS more convenient for this puipose to consider as 100 per cent 
the vital capaaty rather than the total capacity, for oftentimes 
chnically it is impossible to determine tlie residual air, and then too 
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from the point of ^^ew of symptomatology it is the functional ca- 
pacity that interests us rather than the anatomical 
On this basis I find that m Bohr’s 8 men the reserve air con- 
stituted 45 5 per cent and the complemental air 54 5 per cent of the 
\ ital capacity and that the residual air was equal to 25 per cent more 
Similarly with Rubon’s -nomen the reserve aur was 42 per cent and 
the complemental air 58 per cent of the vital capacity, nhile the 
residual was equal to 36 per cent more Lundsgaard and Van Slyke 
got similar results with their women, the reserve air being 43 5 per 
cent and the complemental air 56 5 per cent of the vital capaaty 
and the residual being equal to an additional 38 per cent With their 
men, however, they got different results, the resen'e air being 43 
per cent and the complemental air being 57 per cent of the vital 
capacity, while the residual was equal to an additional 39 per cent 
The difference between the male scries of Bohr and of Lundsgaard 
and Van Slyke appears to be that the former was composed of men 
of better physique 

After further study Lundsgaard in a recent paper gives figures 
somewhat different and which are, I believe, sufficiently near the 
truth to be accepted in the sense of standards In our method of 
notation and omitting fractions which obviously are ivithout signifi- 
cance, we have for normals the followrmg 

Reserve air should he equal to about 49 per cent of the vital capaaty 

Complemental air should be equal to about 51 per cent of tlic vital capacit> 

Residual air should be equal to about 33 per cent of the v ital capaaty 

We may add that tidal air is somewhere in Uie neighborhood of 12 
per cent of the vital capacity 

The next factor of prime importance in determining tlie supply 
of \entilation or the ability of the pulmonary bellows to do its task 
IS the so called dead space In breathing, the total expired air is in 
part made up of air from tlie alveoli and in part of fresh air left in the 
dead space, that is to say the cavities of the bronchi, trachea and 
upper air passages It is obvious that it is the amount of air actually' 
reaching the alveoli, or alveolar ventilation, which counts as far as 
accomplishing gas cxdiange goes, but, on the other hand, it is the 
alveolar ventilation plus the ventilation of the dead space that do- 
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termines the magnitude of the task the bellows must do The volume 
of the dead space is therefore an important factor in determining 
the mechanical efficiency of the bellows 
Unfortunately we have less accurate information of the size of the 
dead space than of that of the vital and total capacity, its measure- 
ment obviously only being possible by indirect methods In the 
literature we find considerable dispute as to whether in any given 
individual it is a constant or a variable The physiological and ana- 
tomical dead space are not coincident, for, as Y Henderson has 
shown, gases flowing through tubes do so in an axial manner, that is 
to say, the forward surface of a new gas passing along a tube is not 
a flat surface like the piston in a cylmder but instead, because of 
mural friction, is in the form of a long spike progressing down the 
center of the tube Thus in inspiration fresh air begins to enter 
the alveoli, and in expiration alveolar air issues from the nose and 
mouth before the anatomical dead space has been completely washed 
out The dead space for oxygen is greater than that for carbon 
dioxide because a certain amount of the latter gas is eliminated by 
the mucous membrane of the trachea, bronchi and upper air pas- 
sages wlule none of the former is absorbed by them 
The anatomical dead space was found by Loewy in a cadaver to 
be 144 cc. The physiological dead space in normal persons at rest 
has been calculated by most observers to be between 100 and 175 cc. 
With deep breathing Y Henderson and also Haldane believe that 
there is a marked increase in the size of the dead space, not, Henderson 
believes, because of any active broncho-dilation, but because the 
bronchial tree is passively stretched with the deeper respiratory 
movements along with the rest of the lungs Krogh, on the other 
hand, believes that depth of respiration has but little effect upon tlie 
size of the physiologic dead space 

Were there no increase in the dead space with deep breathing the 
most economical type of respiration, theoretically, would be that in 
which each single respiration was maximal, tliat is to say when tida 
volume and vital capacity were equal. Such a type is never seen m 
health, and in disease only when the vital capacity is greatly reduce ^ 
The character of the respiratory rhythm, wffiether it approac e& 
a slow deep or rapid shallow type, is obviously important because 
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upon it may depend the total amount of pumping that must be done 
to satisfy a gi\en demand for alveolar ventilation The volume of 
the alveolar ventilation we have already seen is regulated chemically 
That of the total ventilation will depend upon the alveolar plus 
whatever dead space washing the subject’s type of respiration in- 
volves This brings us naturally enough to the question of what 
does determine the type In all probability the type is closely 
related to the innerv ation or nervous control of breathing as opposed 
to the chemical control 

The innervation of the respiratory mechanism is chiefly through 
the vagus nerves, which through tlie pulmonary plexus receive 
sensory fibres from the lungs themselves The muscles of respira- 
tion fall into two groups, the intercostal which receive their motor 
fibres through the spinal nerves and the diaphragm which receives 
motor fibres through the phrenic 

The part played in the regulation of respiration by vagus borne 
sensory stimuli has been studied by many observers As early 
as 1868 Hermg and Breuer, finding evidence of mhibition of respira- 
tion when the lungs were artificially distended and stimulation when 
they were emptied, advanced a theory that the primary control of 
respiration was reciprocal stimulation and inhibition of the respiratory 
center through the vagi Head in 1889 came to similar conclusions 
It was not until Haldane and Priestley had demonstrated the chemi- 
cal regulation of respiration that the true part played by the nervous 
system was understood 

F H Scott, who studied the relation of chemical and nervous 
control by the method of observing the effect of varying the com- 
position of the inspired air both before and after section of the vagi, 
makes the extremely interesting suggestion tliat the vagi are really 
the great sensory nerves of the respiratory mechanism They play' 
the same part in the carrying out of respiratory movements that the 
sensory nerves from muscles and joints of an extremity do in the 
carrying out of a coordinated movement of that extremity lo use 
Scott’s own words, "the vagi, in reference to the movements of 
respiration, must be regarded in the same light os the sensory nerves 
of muscle Without the vagi the muscular movements are excessive, 
and thus resemble the movements of an ataxic limb ” This idea 
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of ataxic respiration is to my mmd a most apt one After section 
of both vagi the alveolar carbon dioxide tension is not greatly altered, 
nor is the alveolar ventilation, but the respiration rate becomes very 
slow and the volume of each respiration very much greater. The 
respirations are slow in rate but excessive in amplitude This 1)^6 
of breathing seems to be the intrinsic or basic type of the respiratory 
center It is the tj^e that occurs when the center receives chemical 
but no nervous stimuli It reminds one very strikingly of the slow 
intrinsic rhythm of the heart ventricles when they are cut off from 
the pacemaker in complete heart block, in fact, one might almost 
call the respiration after section of the vagi, respiration block ® 

In the normal organism the increased ventilation witli increased 
carbon dioxide content in the inspired air is accomplished by an 
increase in both rate and amplitude After section of the vagi, 
though the reaction follows a more or less normal curve, the increase 
IS met by an increase in amplitude only, the rate remaining constant 
As Bayliss says, 

It would appear, then that the mspirations excited by carbon dioxide 
in the normal state are cut short by the vagi mhibitmg the discharge of 
the center, collapse of the lungs follows rapidly, the inhibition ceases, 
and the center is again accessible to excitation by carbon dioxide In 
this way w^e have the advantage of an increased rate m addition to an 
increased depth It is interestmg that the exatatory effect of carbon diox- 
ide does not cause the center to discharge more frequently, but with in- 
creased strength of discharge The function of the nervous regulation is 
thus to moderate the discharge, which tends to be “all or none,” m the 
absence of mhibitory impulses ® 

We may sum up then by saying that tlie nervous control of breath- 
ing plays no part m the regulation of the volume of the alveolar ven- 
tilation, but that it does play a very definite part in determmmg the 
type of breathing that is to accomplish the amount of alveolar venti- 
lation chemically required It follows from this that nervous con- 
trol plays a part in determmmg the total volume of the ventilation 

s Since wnting this I have found a similar companson by Ff Roberts ii , f ur 

0 Recent work by Lumsden shows that the so-called respiratory center is actua y o 
centers wath somewhat different functions 
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or the size of task that the bellows must do It is apparent therefore 
that in disease when vital capacity may be dimmished, dead space 
increased, or the demand for ventilation increased, the type of breath- 
ing as determined through nervous channels becomes of clinical 
importance 

The possible extremes of respiratory tjpe are limited on the one 
hand by the vital capacity and on the other by the size of the dead 
space A type in which each breath is maximal, that is equal to the 
xntal capacity, would require a minimum respiratory rate As the 
rolume of the tidal excursion dimmishes respiration rate must in- 
crease, but It IS obvious that if the tidal excursion ever shrank to 
be no greater in volume than the dead space even an infinitely fast 
rate of breathmg would yield no ventilation of the alveoh 

The respiratory t>q)e of normal persons seems to be a happy medium 
determmed, as I have said, in all probability through nervous channels 
Though a type of respiration in which each breath were maximal 
might theoretically seem to be an economical style of breathing, m 
point of fact It IS quite the rexcrse because it necessitates a greater 
muscular effort than the usual type This is because altliough in- 
spiration IS alw avs an active muscular process, expiration is not After 
active inspiration has been inliibitcd by vagus action the chest col- 
lapses passively, expelling the tidal air (450 to 550 cc ) To expel 
the reserve air requires an active expiration With the usual sized 
tidal excursion, therefore, only one muscular act is necessary per 
breath, vvilli abnormally large tidal excursions, two Furtliermore 
one can easily prove to himself that it requires more effort to push 
out the last portions of tlie reserve air than it does the first There- 
fore, Within limits we ma> say that as the volume of the tidal excur- 
sion approaches the vital capaaty, the greater will become the mus- 
cular effort required per breath In the reverse direction, however, 
the more ncarlj the tidal volume approaches the dead space, the 
greater will be the total pumping required for a giv tn task Respira- 
torj tjpes of eitlicr extreme therefore arc undesirable and the usual 
medium tjqio is trulj a happy medium In general the nervous 
control of breathing mav be cx})ected to secure for us that respiratory 
tvqie which, in accordance with the local condition in our chest or 
abdomen, may most comfort ablj supplv the ventilation required 
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for the gas exchange which our general bodily processes may at any 
time happen to demand. 

In dosing tins phase of the subject I want to give briefly some 
idea of the actual A>-olume of the alveolar and total ventilation m 
normal human beings under basal conditions Since expired air is 
merely alveolar air diluted with dead space air it can easily be seen 
that the difference in carbon dioxide content between them will 
express the ratio of alveolar to dead space ventilation It is also 
apparent from what has gone before that the relative amount of 
dead space ventilation is dependent upon the type of breathing and 
the size of the dead space 

The volume of the alveolar ventilation we have already noted is 
dependent on alveolar carbon dioxide tension and carbon dioxide 
output, that is to say, upon metabolism, blood flow and blood bi- 
carbonate level The carbon dioxide output of a normal man 165 cm 
high and weighing 60 kgm , under basal conditions, would be about 
185 cc per minute If his carbon dioxide tension were 44 mm , his 
alveolar ventilation would be 3 liters per minute A man 185 cm 
in height and weighing 80 kgm similarly would have a carbon dioxide 
output of 227 cc per minute, and if his alveolar carbon dioxide ten- 
sion were 37 mm his alveolar ventilation would need to be 4 4 liters 
per minute In general, then, the alveolar ventilation of normal 
adults when under basal conditions wiU vary between 2 5 and 5 liters 
per minute 

The total ventilation is as much greater than this as its carbon 
dioxide content is lower than that of alveolar air We may take 
from 5 to 6 per cent as the normal range of alveolar carbon dioxide 
content That of the expired air we can gain some notion of by 
reference to any of the extensive respiration experiments recorded in 
the hterature For example, in a series of seventeen normal men 
Carpenter and collaborators found an average carbon dioxide content 
in the expired air of 3 67 per cent and the extreme variations above 
or below this average were 4 29 and 3 06 per cent The man wi 
the highest carbon dioxide content had the slowest respiration rate 
in the group and consequently diluted his alveolar air with dea 
space air the least number of times per mmute, and conversely e 
man with the lowest carbon dioxide content had the most rapid respi 
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tion Benedict and coworkers, m a senes of thirteen otlier normal 
men, got an a\erage carbon dioxide content of 3 34 per cent in the 
expired air, the maximum in the senes being 3 67 per cent, the mini- 
mum 2 83 per cent The total ventilation therefore of normal adults 
under basal conditions may be expected to xary between 4 and 8 
liters per minute The carbon dioxide content of tlie expired air 
would be the proper entenon for judging whether any gixen indi- 
xidual’s ventilation is abnormally high or Ion, provided it is at the 
same time compared with that of his alveolar air 

VII DISPI^OEA ASSOCIATED PRIMARILY WTTH INCREASED METABOLISM 

We are now in a position to discuss the symptom dyspnoea more 
directly As I pointed out at tlie beginning of tlic paper dj’spnoca 
IS pnmarily a symptom, a subjective phenomenon Increased 
pulmonary ventilation which is not distressful is not djspnoea, it 
is better termed hyperpnoea Usually hypcrpnoca precedes djsp- 
noca, but not necessarily, for occasionally’ in disease we meet with 
breathlessness when there is no actual increase in pulmonary ventila- 
tion In this section we wall consider the hyperpnoeas due mainly 
to increased rate of metabolism and the extent to which they may 
produce dyspnoea 

The most potent accelerator of metabolism, as said before, is the 
performance of muscular work, and it giv es rise to the greatest degree 
of hyperpnoea tliat we ever encounter In the normal man tlie 
hyperpnoea induced by muscular work finally reaches a level at 
which tlie respiratory’ organs meet with some embarrassment in 
providing the necessary’ ventilation, then dyspnoea results Dysp- 
noea therefore may be physiologic as well as pathologic 

Let us consider physiologic dyspnoea for a few’ moments The 
cflect of muscular work on the external respiration and the gas ex- 
change has been studied by a large number of investigators Even 
as far back as 1789 Sequin and Lavoisier made observations of the 
oxygen intake and carbon diovide output of human subjects dunng 
work Pettenkofer and Voil in Germany, Haldane and his school 
in England, and Benedict and his coworkers in this country’ have 
all made extensive observ’ations of the gas exchange during work 
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From these studies it may be said that during muscular work there 
is a steady nse m oxj-gen mtake and carbon dioxide output, that is 
in metabolism, as the amount of work increases The pulmonary 
ventilation also increases m direct proportion to the carbon dioxide 
output in accordance with Haggard and Henderson’s first law of 
breathing During heavy muscular work on a stationary bicycle, 
the subject bemg a professional bicycle rider, Benedict and Cathcart 
found oxj'-gen absorption as high as 3 liters per minute, their 
subject’s resting or basal oxygen absorption being only about 250 cc. 
per minute The increase in the gas exchange during work therefore 
rose to over ten times the restmg value 
The percentage increase m gas exchange over the resting value for 
any definite amoimt of external work can not be foretold It ^viU 
vaiy with different individuals and wfil be dependent upon the 
relative efiiciency of the mdividual as a machine 
Benedict and Cathcart, for example, in several subjects who were 
not trained athletes, found that the net efficiency durmg muscular 
work was between 20 and 23 per cent, that of the tramed bicycle 
rider was 25 per cent By net efficiency is meant the ratio of the 
heat eqmvalent of the actual work performed to the increase in 
heat production over the subject’s basal metabohsm durmg the 
performance of the work It is precisely the same ratio that is used 
m estimating the efficiency of such a machine as a locomotive when 
the fuel value of the coal burned is compared with the heat equiva- 
lent of the work actually accomphshed Benedict and Cathcart’s 
athlete, being a more efficient machine than the non-professional 
subjects, was able to do the same amount of work as they with a 
somewhat lower actual metabolism Training, then, undoubtedly 
enables one through improved coordmation and muscular adaptation 
to do muscular work with increasing efficiency, to accomplish a 
given result with a decreasing expenditure of energy 

The amount of external work necessary to produce dyspnoea there- 
fore may be expected to vary among mdmduals in accordance with 
their net mechanical efficiency But aside from this, even with like 
metabolism elevation and like degree of hyperpnoea, the pomt of 
onset of dyspnoea will vary among different individuals Thus 
Peabody has shown that the appearance of the symptom dyspnoea 
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or blood flow would become grossly insufficient so that the subject 
might become seriously acidotic or drop dead from asphyxia The 
development of dj^spnoea prevents this, however, and may therefore 
be regarded as a protective phenomenon In the normal subject, 
at least, long before any such danger level is reached dyspnoea wiU 
become intolerable and muscular work accordingly will be either 
decreased or abandoned 

In this connection and also with reference to the remarks in the 
precedmg section on the relation between the chemical and nervous 
control of breathing, the studies of Elrogh and Lindhard on the 
various factors of respiration during the sudden transition from rest 
to hard work are of interest These investigators found, in brief, 
that when work is suddenly started there is an almost instantaneous 
rise in pulmonary ventilation, pulse rate and blood flow This rise 
V as too sudden to be due to the chemical stimulation of the respira- 
tory center for it occurred before any increased carbon dioxide tension 
or pH could have reached the medulla via the blood stream It 
must therefore have been due to a nervous mechanism They 
concluded that it was not a reflex but rather that it was due to the 
irradiation of impulses from the motor cortex and the stimulation of 
the meduUarj’ centers thereby, for they found that when subjects 
were told to begin work and expected a heavy load the same increase 
in ventilation and blood flow occurred even though there actually 
was no load on the work apparatus It was, in other words, the 
mental effort to work that caused the reaction, not the actual work 
done 

The same writers more recently have studied respiration during 
the transition from work to rest The effect here was a gradual one 
The hyperpnoea did not cease abruptly when work was discontinued 
but instead, rather gradually This finding is consistent with the 
common knowledge that dyspnoea induced by work may persist 
for varying lengths of time after the work has ceased- This matter 
wiU be discussed further in a later section 

We now come to dyspnoea associated with hypermetabolism 
induced by disease The two afebrile disease states outstandingly 
characterized by an elevated metabolism are h3perthyroidism and 
leukemia 
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Let us consider the \enUlatory problem that confronts the patient 
nith exophtlialmic goiter This can be perhaps visualized more 
readily if ^e make use of a simple diagram In figure 11 the con- 
struction IS based on the work of various miters It is merely an 



Tie 11 Schema Showing Dys»i»Nor\ PorsTs is Ditfcrent Types or Person's 
The hoc Vi denotes the \cnttIation reaction to work m a normal person (hfeans and 
Newburgh), the line C, the lc>cl of h>’pcrpnoca which produces d>’Spnoca (GrvbCeldand 
Means Dx is therefore the cU-spnoca point I''* denotes the \ctvUlaUon reaction of an 
athlete It IS less steep than \ i because, as Benedict and Cathcart hi\c shown, athletes 
are more ciTiacnt machines The hnc C. is drawTi higher for the athlete because West has 
shown thcir \ itil capacity is greater Uian normal 

r» denotes the reaction m a thyrotoxic person It starts at a higher Icicl than Ti 
and 1 j because of the clex ated basal metabolism It is steeper than Vi because, as Plum- 
mer and Boothby have shown, thy rotoaic persons are less efficient machines than normals 
The line C» IS drawn at a lower level than Ct because Rabmowitch has demonstrated a 
marked mduction m >ital capacity hi thyrotoxicosis 

The abscissae of points jD|, Dj, Dt indicate the amount of work that can be done by the 
Jircc tyTcs of persons up to the point of dx'spnoea 

approumation and is b> no means intended as a quantitative expres- 
sion of what takes place Accepted as schematic onlj it ma> serve 
to clear up certain points vvhicli might be confused Let the diagonal 
line I'l represent the ventilation response of a normal mdivadual to 


virofctKe roi. tu xo 3 
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increasing amounts of muscular work The ordinates represent per- 
centile increase in pulmonary ventilation, the abscissae the amount 
of muscular work done The line Ci is drawn at the level at which 
the hyperpnoea may be expected to produce dyspnoea, that is to 
say, when the ventilation has been mcreased in the neighborhood of 
foiur- or fivefold the resting value Di, the point at which Ci inter- 
sects Vi, may be taken as the dyspnoea point for the normal indi- 
vidual and its abscissa the rate of work that will cause actual dyspnoea. 
The level of Ci will be closely related to the vital capacity In 
athletes the dyspnoea point wiU be raised for two reasons in the 
first place, their vital capacity being relatively greater, we may ex- 
pect that the degree of hyperpnoea required to produce dyspnoea will 
be raised, Cz for example, also, from Benedict and Cathcart’s work, 
we may expect them to be more efficient machines This means 
that for a given rate of work less energy exchange and hence less 
ventilation will be required of them The ventilation response of 
the athlete then will approach the position of Vz rather than Vi and 
his dyspnoea pomt will fall in some such position as Dz In other 
words, he can perform work at a higher rate than the non-athletic 
normal subject without becommg dyspnoeic 

The situation in toxic goiter I fancy to be something as follows 
in the first place, in this disease even at rest the metabolic rate is 
elevated The line representing ventilation response to work there- 
fore, instead of startmg at the base line, will start somewhat above 
it, as is shown by Vz Were the thyrotoxic individual equally 
efficient %vith the normal, the line Vz might be expected to be parallel 
to Fi. Plummer and Boothby, however, have shown that the net 
, efficiency of such patients is less than that of the normal, therefore 
we may expect the ventilation response to approximate more closely 
the slope of Vz than of Vi With regard to the amount of hyperpnoea 
necessary to produce dyspnoea, the work of Rabinowitch is of impor- 
tance This author finds a definite decrease in vital capacity in toxic 
goiter, the degree of decrease being proportional to the degree of 
hjqierthyroidism In the diagram I have therefore drawn the line 
Cz representmg a lower level of hyperpnoea necessary to produce dysp- 
noea based on Rabmowitch’s finding The dyspnoea point of the 
thyrotoxic person may be expected to lie in some such position as 
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This diagram makes it apparent that the dyspnoea of toxic goiter 
can in large measure be explained on the basis of increased metabolic 
rate together ivith that of decreased vital capacity and decreased 
bodily effiaency The thjTotoxic individual, in other words, be- 
comes djspnoeic more readily than the normal (1) because of the 
handicap of his increased basal gas exchange, (2) because it takes a 
greater expenditure of energj' to accomplish a given task and hence 
a relatively greater degree of h 3 rpetpnoea, and (3) because he has a 
less efficient pulmonar}' bellows It is not necessary to assume any 
circulatory msufficiencj' to account for the dj'spnoea It can be 
accounted for amply without this I do not mean to imply by this 
that there never is any cardiac element in toxic goiter It is a matter 
of common knowledge diat frequently there is, but my conception 
is that when present it is to be regarded as an added factor causing 
djspnoea, not the primary factor The primary factor is the in- 
creased metabolic rate 

The remarks made so far about work, hyperpnoea and dyspnoea 
in the normal and thyrotoxic indiiidual apply to continuous work 
being done at a constant rate The matter of sudden exertion is 
somew hat different I have mentioned Krogh and Lindhard’s findings 
on this latter point They found, it will be recalled, an instantaneous 
hyperpnoea even on the mere expectation of exertion In thjTotoxic 
persons this phenomenon may be exaggerated even to tlie point of 
producing dyspnoea 

The duration of dyspnoea after cessation of work is also of interest 
In a research now in progress at the Massachusetts General Hospital, 
S G JIudd has found that after doing a standard piece of exercise 
not only IS there a greater percentile increase in ventilation over the 
resting value in thjarotoxic than m normal indixaduals but also that 
the former require a considerably longer time to recox er from tlie 
effect 

The djspnoea of ihj rotoxicosis is obxaouslj a djspnoea on exertion 
onlj It occurs when the extra calories of work are added to those 
due to the thjTotoxicosis To account for djspnoea at rest soleU 
on the basis of increased metabolic rate wt should have to assume an 
increase of two or three hundred per cent, but such lias never been 
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observed. When in a thyrotoxic state real dyspnoea occurs at rest 
I believe we should expect a dififerent cause, usually to be found in a 
damaged heart 


VIII. DYSPNOEA ASSOCIATED PRIMARILY WITH DISTURBANCE OP 

ACID-BASE BALANCE 


Just as from Haggard and Henderson’s first law of breathing it 
followed that increased metabolism will produce hyperpnoea, and 
tlierefore the possibility of dyspnoea, so does it likewise from their 
second law that acidosis will do the same 
The term acidosis is much used and much abused, not only by 
clinicians but by physiologists As a start it is necessary that we 
seek a clear definition It is known that considerable quantities of 
non-volatile acid may be added to the blood stream of warm blooded 
animals without greatly altering the normal ratio of acid to base, 
that is to say, the hydrogen ion concentration It is also generally 
understood that the compensating mechanism in preserving neutrality 
is first increased ventilation of the lungs, hyperpnoea, and consequent 
washing out of carbon dioxide, and later increased production of 
alkali in the form of ammonia and increased elimination of acid by 
the kidneys The reaction of the blood does not change materially 
on the addition of non-volatile acid because by the liberation of 
carbon dioxide alkali is set free to combine with the new acid 
We may therefore perhaps define acidosis as a condition m which 
acids other than carbonic are present in the blood in excess of their 
usual concentration We may expect such a state to be accom- 
panied by (1) a lowered blood bicarbonate level, (2) hyperpnoea, 
(3) lowered alveolar carbon dioxide tension and (4) lowered blood 
carbonic acid concentration It is not accompanied by any material 
increase in hydrogen ion concentration of the blood unless the com- 
pensating mechamsm (hyperpnoea) fails 

The sequence of events which may be expected to happen upon 
the addition of acid are as follows m the first place we have the 
normal situation 


IH+I = K 


tHiCOd 

[BHCOJ 



DYSPNOEA 


359 


fW 1 

Under these circumstances, ^ value of about (while 

K = 7 X 10-^ therefore we may write 

1 




20 


The free carbonic acid is represented by the numerator of the frac- 
tion, 1, and the bicarbonate by the denominator, 20 Suppose now 
suffiaent non-volatile acid were added to the blood to combine with 
one-half the bicarbonate The formula w ould then become 


in+l = K 


1 -f 10 
10 


for ten units of carbonic acid would be set free from ten units of 
bicarbonate decomposed and therefore would move from the denomi- 
nator to the numerator of the ratio No such degree of change as 
this actually occurs in vivo, for as fast as the denominator is decreased 
the (H+] IS increased, this stimulates the respiratory center, hyperp- 
noei ensues, carbon dioxide is washed out and tlie numerator is 
reduced sufficiently to prosen'e the normal ratio In this instance 
we should have 


or 


(H+I - K 


1 -HO - 10 5 
10 




which IS a completely compensated state m which blood reaction 
IS normal and alveolar carbon dioxide tension reduced one-half and 
bj the same token pulmonary ventilation doubled 
This set of reactions is of interest because it shows not only the 
importance of the rdle which carbon dioxide plays in the maintenance 
of blood neutrality, but also why the rcspiratoiy center and pul- 
monarj ventilation are more obxnously adjusted m accordance with 
the requirements of carbon dioxide elimination rather tlian Uiose of 
oxj’gen intake It would also seem to lend weight to the view that 
hydrogen ion concentration, not carbon dioxide tension per se, pro- 
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vides the true stimulus to the respiratory center, for were it the latter 
the reaction might be expected to stop at 


instead of going on to 


[H+] = K 


10 




After the addition of non-volatile acid and compensation through 
the lungs to the point expressed by [H+] = K restoration to the 
original state of [H+] — K iiy can only be brought about by the 
elimination of non-volatde acid by the kidneys and the reaccumula- 
tion of fixed base 

It is not within the scope of the present paper to elaborate upon 
neutrality regulation This has been covered in the monographs of 
Van Slyke and of Wilson We are concerned now with the relation 
of acidosis to dyspnoea In considering this relationship the impor- 
tant thmg for the climcian to remember is that it is acid that stimu- 
lates the respiratory center, normally H2CO3 is the chief acid in- 
volved but other acids such as betaoxybutyric or lactic will act in 
a similar way, and therefore their presence in the blood will produce 
hyperpnoea 

The hyperpnoea of the acidotic individual, like that of the thyro- 
toxic individual, will become dyspnoea when the pulmonary bellows 
meets with embarrassment in the delivery of the ventilation that the 
disturbance of acid-base balance demands 

We meet with acidosis clmically under a variety of circumstances 
For example, there are metabolic acidoses, the over-production of 
non-volatile acid as in diabetes, retention acidoses as in nephritis 
when the kidneys may fail to eliminate the non-volatile acid products 
of normal metabolism with the result that they pile up in the blood, 
and finally alimentary acidoses, due to the ingestion of acid of which 
methyl alcohol poisoning is a fair sample 

The diabetic with acidosis but rarely has what would truly be 
called dyspnoea, at least at rest The characteristic type of breath- 
ing m that condition is slow and deep but easy, only m the very 
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severe grades does it become labored It will be recalled that in the 
normal hyperpnoea did not give nse to real dyspnoea until the 
ventilation had been increased four- or fivefold Such a degree of 
hyperpnoea ivould result only uhen the bicarbonate of the blood had 
been reduced to about ti^ elve volumes per cent and tlie carbon di- 
o\ide tension to about 10 mm A glance at the carbon diovide dia- 
gram vill show that this would be a very low level curve In the 
diabetic there is no reason to expect a reduction of the dyspnoea 
pomt for there is no obvious reason for impairment of the pulmonary 
bellows Therefore, in diabetic acidosis we may have what maj be 
called a pure hyperpnoea, as in moderate muscular work in the nor- 
mal person, with true dyspnoea only m the most severe grades, that 
IS to say when more than two-thirds of the blood bicarbonate has 
been put out of commission through union with acid It must be 
pointed out too that when the acidosis reaches that grade of seventy 
die patient is usually in coma, so diat tlie breathing would be labored 
objectively only Of course m milder grades of diabetic acidosis 
there may be dyspnoea on exertion as there is in the thjTrotoxic person 
The nephntic with acidosis is much more likely to have djspnoea, 
this bemg because along with the acidosis there is usually a definite 
handicap in the way of ventilation due to reduced vital capacity 
from pulmonary edema or congestion, and very likdy an insufficient 
circulation vNhich later we shall see is a cause for dyspnoea per se 
Retention acidosis occurs m chronic nephntis only when there is 
vay severe impairment of renal function, generally as a terminal 
phenomenon and coincident with cardiac failure, uremia or both 
In studying the various types of aad-base balance that may occur 
clinically, the carbon dioxide diagram is most helpful Using Haggard 
and Henderson’s method of plotting Van Slyke has pointed out that 
there arc eight types of abnormality at least theoretically possible 
In figure 12 I have shown two shaded zones, one denoting the levels 
within which the carbon dioxide dissociation curv'es of normal bloods 
fall (C), tlie other (pH) tlie range of normal blood hydrogen ion con- 
centration The arterial or A points of all normal bloods should 
fall watliin the double shaded lozenge formed by the intersection 
of these zones, position 1 If acid is added to the blood stream 
the curve level wall fall, but so long as pulmonary compensation 
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is adequate, that is to say so long as sufficient hyperpnoea develops 
to affect the new acid through reduction in carbonic acid, the A 
point will still fall within the zone pH, in position 2 If, however, 
hyperpnoea is not sufficient we shall have what may be called an 



Fig 12 Diageam Showing the Sei'hrai. Possible Vaeieties of Acid-Base Balance 

Disturbance 

The ordinate denotes carbon dio'dde content, the abscissa, carbon dioxide tension The 
perpendicularly shaded zone C is that in which carbon dioxide dissociation curves of normal 
persons fall The horizontally shaded triangle shows the range of the pH of normal blood 
The doubly shaded diamond (1) denotes the locus of normal arterial pomts Pomts 2 to 
9 show loci under abnormal circumstances, these being all possible combinations of in- 
creased, decreased or normal pH with increased, decreased or normal curve levels There 
is probably not enough data yet in the literature to give accurate limits to the two 
zones shown This diagram is to illustrate the prmaples mvolved and not the exact 
magnitudes of the several factors concerned The locus of normal arterial pomts of 
course does not really form a diamond It is much more likely to be an oval shaped area 

uncompensated acidosis Blood reaction voU actually shift in the 
direction of acidity and the A pomt will move to position 3 It 
should be remembered in studying such diagrams that shifts to 
the right are in the direction of acidity, to the left in that of mcreased 
alkahnity. 
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Other disturbances may occur clinically Suppose that although 
no abnormal acid is present m tlie blood, ventilation becomes in- 
sufficient Under these circumstances there would be no downward 
movement of the cur\’e, but there would be an increase in carbon 
dioxide tension due to an msufficient rate of elimination of that gas 
The A point would move to position 4, which although not an acidosis 
in the way we have defined it, still would be a state in which the 
blood reaction is shifted in an aad direction It might very suitably 
be called a carbonic acidosis The compensation for such a 
state would he in the accumulation of a supernormal blood bicarbonate 
concentration The curve level would then rise until without neces- 
sitating any change m carbon dioxide tension (and hence m pulmonary 
ventilation) the A point would come to fall in the normal pH zone, 
position 5 If compensation again failed it would move to position 6 
and we should once more have carbonic acidosis, this time witli a 
high level curve 

The conditions in which the blood reaction is shifted in the alkaline 
direction do not directly concern us here, yet they may profitably 
be mentioned in passing If large doses of alkali be given and if 
ventilation be not correspondingly reduced we should have the con- 
dition of alkalosis, position 7 If, on the other hand, we voluntarily 
increase our ventilation, as has already been seen, carbon dioxide 
will be washed out, carbon dioxide tension will be reduced and the 
A pomt will move to position S If this forced breathing is con- 
tinued further, Henderson and Haggard have shown, a compcnsatoiy 
lowenng of the dissociation curx’c occurs This they believe is due 
to tlie withdrawal of base by the kidnejs and more particularly by 
tlic tissues IVhen such compensation has taken place the A point 
moves to position P, and theoretically it might even go on to posi- 
tion 2 These changes have been produced by Grant and Go’dman 
m themselves The condition from tlie point of xnew of blood reac- 
tion IS one of alkalosis, jet with a low level curve It is rhat Hen- 
derson calls acapnia 

The diagram shows clearly that neither carbon dioxide tension 
alone nor blood bicarbonate alone can tell us the true state of aad- 
basc balance In all of the states denoted bj position; ? 3 and P 
tlierc IS a lowered carbon dioxide tension and also 7 lowered 
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bicarbonate, yet J is in a sense the antithesis of 9 The whole 
problem is one of which is cause and which effect Is the curve 
low as a direct result of the primary abnormality or to com- 
pensate for It? Fortunately it is usually possible to settle this 
pomt by inference If hyperpnoea develops in the diabetic or ne- 
phritic, or if their blood bicarbonate or carbon dioxide tension is 
found lowered it is safe to assume that there is true acidosis, not 
acapnia Under such circumstances either alveolar or blood carbon 
dioxide alone will give valuable information as to the severity of the 
acidosis and certainly is sufficient for clinical routine In other 
conditions such as shock or ether intoxication with lowered curve 
levels, the problem of what is cause and what effect is far more diffi- 
cult, in fact even the complete carbon dioxide diagram may not tell, 
for as noted, position 2 theoretically at least might be arrived at 
from opposite directions To the various possible disturbances of 
acid-base balance Van Slyke has given descriptive terms For most 
purposes the simple designation of normal, increased or decreased 
hydrogen ion concentration with normal, high or low level curve as 
the case may be, will suffice 

In concluding this phase of the subject it may be of mterest to 
examine the actual findings in certain acidotic individuals We 
will take first the case of L H , a boy with severe diabetes On 
January 23 he had a severe acidosis as shown by a low position of 
the carbon dioxide dissociation curve, but with good compensation 
as shown by the position of the A point (fig 13). He was not in 
coma but was distinctly drowsy His alveolar carbon dioxide tension 
was 14 6 mm and at that tension the carbon dioxide content of 
his arterial blood was 16 per cent Spirographic tracings showed 
that his total ventilation under these circumstances was 10 6 liters 
per minute, his respiration rate 11 2 per minute and the volume of 
his tidal air 950 cc On January 27 he was much better His alveo- 
lar carbon dioxide tension was 26 8 mm and at that tension the 
carbon dioxide content of his artenal blood was 36 volumes per cent 
His total ventilation on this day was only 4 5 liters per minute, his 
respiration rate was 10 per minute and the volume of the tidal air 
450 cc Approximately, wffien his carbon dioxide tension was dou- 
bled, his ventilation was halved, thus bearing out Haggard and Hen- 
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derson’s second law It is also of interest to note that tlic hyperp- 
noca of the first observation was secured largely by an increase m 
amplitude rather than in the rate of breathing The hyperpnoea 
which, as I have said, was about twice his normal ventilation gave 
nse to no subjective dyspnoea, which is what we should expect 
Three carbon dioxide diagrams were obtained m this case and are 
shown m figure 13 They illustrate the sequence of events in a 



Tic 13 Tiin Carbon DtoMur Ducmu IV Dlmietic Acniosis 
Palient I, JI Curve I was obtained upon Jnnuar> 23, curve 11 on Januaij 24 and ITT 
on January 27 The shaded zone represents that in which the curves ot normal persons 
arc believed to fall 

metabolic acidosis of moderate seventy and the gradual return to- 
ward a normal state dunng treatment (dietetic) A much more 
complete set of observations of this sort by Bock, Field and Adair 
has recentlj appeared 

In this connection a tracing published b> Rogers and myself, 
winch was of one of the mo»t severe acidosis hypcrpnoeas I have 
ever seen, is of interest The patient, a negro of forty-six ytars, 
had congenital cystic kidneys The tracing was obtained two 
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days before death His renal function was very low and the ex- 
cretion of acid greatly impaired He was suffering, in other words, 
from a retention aadosis Whether it was compensated or not we 
cannot say for no carbon dioxide diagram was obtained, on the 
chances it was not At any rate the carbon dioxide capacity of the 
plasma was greatly reduced and his alveolar carbon dioxide tension 
was only 6 4 mm The total ventilation per mmute was 55 liters, 



Fig 14 The Carbon Dioxide Diagram in Renal Acidosis 
Curve I was obtained on February 19 Patient had a very severe aadosis At the 
tune he had intense hyperpnoea Curve n was obtained the next day after the admini- 
stration of large quantities of sodium bicarbonate and shoiis a condition of alkalosis, 
the hyperpnoea was gone 

the respiration rate 22 5 per mmute and the volume per respiration 
2440 cc There was very definite dyspnoea 
Anotlier interesting case of retention acidosis is that of a man of 
fifty-five who was brought to the hospital with an mtense grade of 
hyperpnoea and marked dyspnoea His underlying malady nas 
arteriosclerotic nephritis but he had in addition an obstructing pros- 
tate and double pyelonephritis He was in a profound state of 
uremia and aadosis The carbon dioxide diagram obtained on this 
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day IS shown m figure 14, cun'e I The curve is verj'- low, indicating 
that the blood bicarbonate was greatly reduced The position of 
the A point moreover shows that there was a shift in blood reaction 
in tlie acid direction The acidosis was not fully compensated for, 
great as his hyperpnoea was, it was yet not great enough to preserve 
the normal ratio between acid and base Curve II (fig 14) shows the 
state of affairs on the followang day After large doses of alkali 
(too large as the diagram shows) not only was the acidosis completely 
abolished but he was actually rendered alkalotic, that is to say tliere 
w'as decreased hj drogen ion concentration w itli a high level curve The 
amount of sodium bicarbonate given betw'een these two observations 
was approximately 175 grams If we turn back to figure 12 it wall 
be seen that his arterial point travelled in twenty-four hours from 
position 3 to position 7 No less remarkable was the change m his 
clinical appearance The hyperpnoea, and with it the djspnoca, had 
entirely gone and his mental state had changed from a state just 
bordering on coma to one of normal alertness Needless to say the 
iraprov ement was of short duration 
It IS of interest that before the days of the carbon dioxide diagram 
Barcroft and his coworkers had found endence of retention acidosis 
in cardio-rcnal disease Their method of approach was through the 
behavior of the oxygen dissociation curve instead of the carbon 
dioxide The interdependence of the two curves I have already 
emphasized, and incidentally it should be pointed out here that the 
phenomena of the oxygen curv'e had been extensively studied by 
Bohr and by Barcroft several years before Haldane and his coworkers 
discovered those of the carbon dioxide curve Concerning disturb- 
ances of acid-base balance much the same information can be 
gathered from tlie oxygen curv^c as from tlie carbon dioxide, but 
since studies of the latter arc somewhat easier to carrj out, for most 
purposes they are likclj to supersede those of the ovjgen curve 
With acid added to blood Oic oxj gen curv e mov cs to the right just 
as the carbon dioxide curve, and w itli alkali to the left Witl< tlie oxy- 
gen curv e,howcv cr,carbon dioxide has tliesame eficctas anyotlier acid, 
it shifts tlie curve quite as much as an equal concentration of non- 
volatile acid This amounts in brief to the following the carbon 
dioxide tension reni lining constant, at any given tension of oxjgen, 
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blood to which a non-volatile acid has been added will take up less 
oxygen than normal blood, also, at any given tension of oxygen, 
normal blood will take up progressively less oxygen as carbon dioxide 
tension rises 

The condition of the blood in which it takes up less oxygen than 
normal blood at a given tension of oxygen Barcroft calls meionexy 
and such blood meionectic The reverse process happens upon the 
addition of alkali, the curve moves to the left and at a given tension 
of oxygen takes up more oxygen than normal blood This condition 
he calls pleonexy and such blood pleonectic Blood with the curve 
in the normal position he calls mesectic 

In 1913 Barcroft and others, in seeking a cause for the dyspnoea 
occurring in cases of cardio-renal disease imaccompanied by cyanosis, 
found in some of them not only a potential meionexy, as shown by a 
dimmished oxygen capacity of the blood when exposed to a fixed tension 
of oxygen and in the absence of carbon dioxide, but also in some an 
actual meionexy, as shown by a meionectic position of the dissociation 
curve when the blood was exposed to the patient’s actual alveolar 
carbon dioxide tension Barcroft thought that this meionexy ex- 
plained the dyspnoea and that “there is no further mystery about 
it ” In a sense he is probably right Acidosis produces hyperpnoea 
and he had furnished proof of acidosis As we have seen, however, 
the point at which hyperpnoea gives rise to dyspnoea is dependent 
on a variety of pulmonary and circulatory factors, so the relationship 
is not perhaps as simple as Barcroft fancied 

Inspired by Barcroft’s work and to get further information on this 
interesting subject I undertook in 1914 a similar study I was 
able to confirm his finding that acidosis may occur in cardio-renal 
disease. The method employed was the determmation of the oxygen 
saturation of the blood at a fixed tension of oxygen (17 mm ) and in 
the absence of carbon dioxide. Under such circumstances normal 
blood becomes from 60 to 75 per cent saturated, acidotic blood less 
saturated, the greater the acidosis the less the saturation This 
procedure would show the presence of an abnormal amount of non- 
volatile acid in the blood, it would not show the existence of actual 
meionexy m wvo It would give preasely the same clinical informa- 
tion as would the Van Slyke test for blood bicarbonate unaccom- 
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pamcd b> a measurement of carbon dioxide tension When I made 
these studies the Van Slyke apparatus had not been invented Some 
of my results are shown in table 2 They would seem to indicate 
that in the cases studied there was little if any relationship between 
dyspnoea and the intensity of the acidosis 
The discrepancy may be due in part to changes m the sensitivity 
of the respiratory center It is getting progressively apparent that 
this may alter in disease, as Barr and Himwich found it does after 
exercise in normal persons, and therefore may be an important factor 


tabu; 2 


CASE 

snruBEK 

oosonioH 

oxycEs sATtraATioy 
OrCOtTRES stooo 
AT 17 iai.Oi 

1 

Normal control 

fer cent 

63 

2 

Normal control 

67 

3 

Normal control 

68 

4 

Arteriosclerosis uremia Cheync Stokes breaUung 

10 

4 

1 After alkali Still has Cheyne-Stokes breathing 

61 

5 

Chronic nephritis, uremia No d> spnoca 

2t 

6 

Chronic nephritis, uremia No d>*spnoca 

S7 

7 

Cardiorenal disease Marked dyspnoea 

44 

7 

On alkali Less dj'spnoca 

32 

8 

Hemiplegia Chc>'nc Stokes breathing 

32 

9 

Arteriosclerotic nephntis Alarked dyspnoea i 

SO 

to 

Chronic nephritis, uremia No dyspnoea 

42 

11 

Lobar pneumonia 

63 

12 

Pernicious anemia 

70 


in determining the inception of djspnoea As Fraser, Ross and 
Dreyer ha\e put it. 

It seems probable that the center may be affected in a great vanct) of 
wajs, and that our knowledge of d>spnoea m diseased persons cannot be 
matcriallj advanced until we take into consideration, not only the compli- 
cated conditions of the circulating blood, but also the condition of llie 
respiratory center and the pathological changes that may occur m it, 
independent of oxygen supply, carbon dioxide tension, and hydrogen ion 
concentration 

Ihe point that I should like chiefly' to emphasize in regard to the 
relationship between acidosis and dyspnoea is that aadosis is a direct 
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producer of hyperpnoea, and that hyperpnoea will give rise to dysp- 
noea to a varying degree depending m part upon its intensity and in 
part upon those factors which determine the available supply of 
pulmonary ventilation Since the acidosis of renal disease is more 
likely to be accompamed by circulatory or pulmonary defects than 
is that of diabetes, it is accordmgly more likely to give rise to dysp- 
noea The acidoses that produce no dyspnoea while the subject is 
at rest may do so during muscular work exactly as in hyperthyroidism 

IX. DYSPNOEA ASSOCIATED PRIMARILy WITH DIFEICULTY IN OXYGEN 

TRANSPORT 

The usual stimuli to the respiratory center and through it the chief 
regulator of pulmonary ventilation, we have seen, is the reaction of the 
blood reaching the brain We have also noted that under ordinary 
circumstances ventilation and blood flow are apparently more than 
ample to satisfy the requirements of oxygen transport. Nevertheless, 
it is obvious from a teleological viewpoint that one of the prime 
requisites in bodily economy must be adequate assurance of a free 
supply of oxygen We are brought, therefore, to the question, how 
under abnormal circumstances does the organism respond to a 
threatened or impending oxygen shortage^ 

The effects of a diminished tension of oxygen in the inspired air 
have been widely studied The researches of Haldane and his 
associates throw a bright light upon the role played by lack of oxygen 
in the regulation of breathing Mountain sickness and the physio- 
logic effects of livmg at high altitudes have been actively investigated 
by such expeditions as those of Barcroft to Monte Rosa and Teneriffe, 
and the Anglo-American expeditions to Pike’s Peak and to the Andes 
The effect of altitude upon the a\dator during and since the War has 
been tlie subject of careful study by Schneider 

It is obvious from the oxygen dissociation curve of blood that as the 
oxygen tension of the alveolar air falls a tune mU come when the blood 
null be but incompletely saturated in the lungs It is also clear that 
when the steep part of the curve is reached this failure to become 

« A still more modem theorj' is that the reactions of the tissues of the center itself is 
the true stimulus Cf R Gesell 
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saturated as the tension drops will rapidly assume large proportions, 
and that unless compensatory factors come into play, the point would 
soon be readied at ivhich the organism would die of asphyxia 
An increase in pulmonary ventilation, provided there is no altera- 
tion in metabolism, mil reduce the tension of carbon dioxide in 
alveolar air and blood By the same token it is dear that mthin 
certain limits it will likewise raise that of oxygen Therefore in the 
presence of a decreased tension of oxygen in the inspired air, the 
orgamsm could compensate to a certain extent by hyperpnoea 
That such a reaction actually occurs, or m other words, tliat oxygen 
lack per se may stimulate the respiratory center either directly or 
indirectly has been proved by the studies of Haldane In bnef, the 
findings were that as the percentage of oxygen in the air breathed or 
the barometric pressure is reduced, no effects appear until oxygen 
tension has fallen about one third, and beyond that point hyperpnoea 
makes its appearance, at first in the form of a combined increase in 
rate and depth of respiration, as in the reacbon to carbon dioxide 
This first effect Haldane believes due to the lowering of the threshold 
of the respiratory center to Us normal stimulus by the low ered oxygen 
tension With a reduction in oxygen tension pcnodic or Chexme- 
Stokes breathmg makes its appearance, and finally with great re- 
duction in oxygen tension the breatliing becomes verj' rapid and 
correspondingly shallow', entirely different from carbon dioxide hy- 
perpnoea The pcnodic breathing and the rapid shallow breathing 
he regards as the direct effects of oxygen want, per se, on the respira- 
tory center, and the latter w hen it assumes an extreme tj'pe as evidence 
likcwase of fatigue or exhaustion of the center 
The evidence for the theory that pcnodic breatliing is the result of 
oxygen want is \cry conclusive The classical work on the subject 
IS that of Douglas and Haldane Ihesc workers found tliat they 
could produce typical Chcjaic-Stokcs breathing in themselves cither 
by doing forced breathing or by enlarging their dead space by breath- 
ing tlirough a long tube After the apnoca which follows forced 
breatliing they found that when breatliing was resumed, usually at 
first for a penod of about three minutes, it was of the Chejne-Stokes 
Ijpe Douglas’ and Haldane’s observations of the alveolar air 
showed that dunng the apnoei the oxjgen tension ramdlj fell to 
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about 32 mm , at which point breathing was resumed Dunng this 
same period the carbon dioxide tension rose rapidly at first, then 
slowly, but when breathing was resumed it was still some 3 mm short 
of normal The first period of breathing, induced they believed 
through oxygen want, rapidly raised the alveolar oxygen tension to 
about 75 mm., and at the same time lowered that of carbon dioxide 
some 2 mm Apnoea began again and lasted until the oxygen tension 
fell to about 42 mm Then another oxygen want period of breathing 
ensued and the cycle continued, oxygen and carbon dioxide tension 
both gradually rising until when the latter had reached its normal 
level continuous breathing was resumed When the experiment was 
repeated, but with a rich oxygen mixture, no periodic breathing 
appeared, the same was true in breathing through a long tube More- 
over, it was found clinically by Pitt, Pembrey and Allen that clinical 
Cheyne-Stokes breathing could be abolished by the administration of 
oxygen or carbon dioxide, thus providing the normal stimulus, or 
by giving a gas mixture which contamed less oxygen than air This 
last they thought abolished penodicity by increasing the oxygen 
want and so providing a continuous instead of an intermittent 
stimulus 

The explanation offered by Haldane as to why breathing induced 
by oxygen want may be periodic while that induced normally by 
carbon dioxide is continuous is as follows since there is a vast storage 
capacity for carbon dioxide in the body tissues and fluids, but prac- 
tically none for oxygen, the action and cessation of stimulus occur more 
sharply in oxygen want than when carbon dioxide is the stimulus 
Haldane says, 

Thus the respiratory governor becomes too sensitive, just like the gover- 
nor of an air engine when there is no flywheel or an insufficient load, and 
begins to “hunt,” the oxygen supply to the center becoming, when the 
anoxemia is not too considerable, alternately so small as to cause urgent 
breathing and so great as, in the absence of carbon dioxide which has been 
washed out, to produce apnoea 

To plot a general curve for the reaction to oxygen want, such as 
that shown in figure 7 for carbon dioxide, is quite impossible In the 
first place subjects would show marked individual differences and the 
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same subject would vary on different occasions It also would be 
difficult to distinguish between effects due to lowenng of the carbon 
dioxide threshold and those due directly to oxygen want stimulabon 
Nevertheless, in this connection the effect upon total ventilation and 
upon the tension of the alveolar gases dunng a progressn e fall in the 
partial pressure of oxygen in the air breathed will be illuminating 
In figure 15 I have redrawn a curve of Schneider’s which was ob- 
tained in testing men for the aviation service of the United States 
army The subject breathed through sodium hydrate into a closed 
system The carbon dioxide he gave off was all absorbed by the so- 



Tic 15 VES-nMnoNREAcnoxTOOxicrNWiVT 
The lolil ventilation, as the owgcn tension ol the inspired nir is reduced, is esp-tssed 
in percent of that iihich the subject had when breathing pure air at the barcinelnc p-es- 
surc of sea level From data published bj Schneider 


dium hydrate but the oxygen in the mixture graduallj felljas hisjne- 
tabohsm used it up It wall be noted that the total \enti!2tion*was 


doubled when the partial pressure of oxj’gen had fdlss to S per cent 
of an atmosphere It will also be noted that practicallv no reaction 
occurred unUl the ox-j gen of the inspired air haa faHr-i to IS ner cent 
Aside from this delay in the start, the curxe beam some 

resemblance to tlie carbon dioxide curve ffic. 71 ‘The particular mm 
forwhoir tbiscurvcwasobUimcdwas‘'C!ars.-vA“ri:*eitr 2 r-oodin 2 n' ’ 
Schneider, unlihe Haldane, found that Ue chrU m breathin'- 
even at oxvgtn tensions as low as SJzzd c "an atmosphe-e 
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was cliiefly in amplitude rather than rate Some individuals were 
found who showed little or no ventilation increase with reduction in 
oxygen, or who started to react and then with further “increase in 
altitude” suddenly began to breathe less Such indmduals were 
likely to faint and were quite unfit for flying at high altitudes The 
reaction was further found to vary in the same individual at different 
times When “stale,” for example, the reaction was less than when in 
good flying form 

The condition in which the tension of oxygen and therefore the 
saturation of the blood is lower than normal is called anoxemia It 
maj’- result from internal (pathologic) causes as well as from those of 
external environment Anoxemia should be regarded as evidence of 
difficult, not of incomplete, transport of oxygen Such observation 
of the metabobsm of anoxemic persons as can be found in the literature 
points not only toward no reduction in total oxygen absorption, but 
indeed sometimes toward an increased one When the supply of 
oxygen to tissue cells becomes less than their metabolism calls for, 
it is to be presumed that death takes place from asphyxia Anox- 
emia should be. looked upon as denoting not partial asphyxia, but 
rather impending asphyxia As long as life is to continue the required 
oxygen must be got in, but it may be only with great difficulty or 
after profound readjustments 

Barcroft has di\nded anoxemia into three main types which 
perhaps can best be illustrated diagrammatically The amount 
of oxygen removed from the blood under normal circumstances and 
the coefficient of utilization of the oxygen carrying power have been 
discussed in previous sections Under abnormal circumstances 
Barcroft points out anoxemia may result, (1) when there is deficient 
saturation in the lungs, anoxic anoxemia, (2) when there is an ab- 
normally great reduction in the capillaries, stagnant anoxemia, and 
(3) when the blood is deficient in oxygen cariying power, anemic 
anoxemia The actual happenmgs in these three types are shoivn in 
figure 16 in which columns representing arterial and venous blood are 
supenmposed on the dissociation curve The diagrams show both 
tlie concentration and percentage saturation ivith oxygen of arterial 
and venous blood, together with the tension of oxygen 
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Fig l(S Diagram iLtusTRATihc Types 0? Anoxemia 

Columns representing artcrnl blood ( t) and venous blood (K) arc supenmposed upon the ox>gcn dissociation curve 
The black portion ol the column represents reduced liemoglobm and the shaded portion, oxygenated hcmojobin 
In tlic case of anemic anoxemia the dotted portion of the columns represents bcraoglobm that is cither lost, as in true 
anema. or unfit for oxvgen transport, as m carbon monoxide poisoning The perpendicular arrows denote tht volume 
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For our purposes the important thing to remember is that the anoxic 
type is due to faulty oxygenation in the lungs, and is therefore 
pnmanly due either to disease of the lungs as in pneumonia, 
emphysema or edema, or to deficient entry of air into them as in 
bronchial asthma and capillary bronchitis, or to bronchial, tracheal or 
laryngeal obstruction The anoxemia of deficient oxygen tension in 
the inspired air of course is of this type also (mountain and aviation 
sickness) 

Stagnant anoxemia is primarily due to decreased blood flow as in 
heart disease, massive hemorrhage or shock The blood passing 
through the lungs is aerated properly, the arterial blood shows no 
anoxemia, but as the blood flow is too slow in relation to met- 
abolic call for oxygen, there is an unusually large proportion of that 
gas removed in the capiUanes with the result that the venous blood 
is more completely reduced than normally It is an anoxemia, 
demonstrable by blood gas analysis, in the venous blood only. The 
anemic type we will discuss a little later 

The presence of anoxemia is often but not always made manifest 
by cyanosis, and its relation to anoxemia and the question of the mean 
capiUary oxygen tension has been thoroughly discussed by Lundsgaard 
and Van Slyke in a recent number of this journal The chief points 
made by them which it will be important for us to remember here are, 
first, that although cyanosis denotes anoxemia, anoxemia may exist 
without cyanosis For example, Lundsgaard has shown that a certain 
concentration of hemoglobin is necessarj'- before cyanosis becomes 
distinguishable In severe anemia even with marked anoxemia no 
blue color would be apparent Secondly, although cyanosis denotes 
anoxemia, it is difiicult to interpret intensity of anoxemia from in- 
tensity of cyanosis because of a vanety of factors which aflect the 
latter, such as thickness of and amount of pigment in the skin, color 
of the blood plasma and vanations in the number, widtli and length 
of blood filled capillaries in a given skin area 

The matter of cyanosis concerns us here directly only in so far as 
it is a manifestation of anoxemia, and that because anoxemia has been 
shown to be per se a cause of hyperpnoea, and therefore in accordance 
with our previous argument, a potential cause of dyspnoea The role 
played by anoxemia in the production of dyspnoea is no less important 
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but far harder to evaluate than that of the factors discussed in earlier 
sections The amount of hyperpnoea for a given nse in metabolic 
rate or change in blood bicarbonate level can be predicted tolerably 
accurately Schneider’s work shows that that of anoxemia cannot 
At present we must content ourselves with tlie knowledge that 
anoxemia is capable of produang d 3 rspnoea either of itself or more 
often, as we shall see later, in conjunction with other factors 
The most important thing to appreciate is that the effects of 
anoxemia, if of marked degree, may be of a senous nature and that 
Its recognition is important The symptoms produced by it are 
V ancd They have been observ'cd and descnbed in both the sickness 
of the mountaineer and of the aviator as well as under cxpenmental 
conditions In the patient, they are usually combined and possibly 
masked by other symptoms of the underlying disease and are there- 
fore doubly difficult to interpret 

Even when the pathognomonic signs, as I think we may call Uiem, 
of anoxemia, cyanosis or pcnodic breathing are present, it is difficult 
to estimate the intensity of the anoxemia or its relative harmfulness 
The type of anoxemia and likewise its duration make important 
differences both in its power to do damage and in its tendency to 
produce Iiypcrpnoea and dyspnoea 
Haldane’s w ork has show n that it is the tension of dissolved oxygen 
which IS important for tissue respiration and which, when it falls 
below a certain point, acts as a stimulus to the respiratoiy center 
Of course the oxygen content is important as well, for with the tissues 
taking up oxygen at a constant rate, the less the load of oxygen, the 
greater will be the withdraw al from each unit of blood, and conseqcntly 
the lower the mean tension 

Of the anoxic type of anoxemia I shall have something further 
to say in the section on pneumonia, and of tlie stagnant, in that on 
cardiac dvspnoea In concluding the present section I should like to 
consider bnclly tlie type of anoxemia due to abnormalitj of the 
blood Itself From the last diagram in figure 16 it is clear that m 
anemia there is a reduced amount of oxygen perunit of blood Nev er- 
thelcss tlie oxygen tension and saturation of the arterial blood is 
normal There is no impediment to oxj'gcnaUon in the lungs Since 
the call for oxv gen by Uie tissues is no less (in fact in pnmaiy anemia 
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and the anemia accompanying leukemia it may be increased) one of 
tv^m things (or a combination of two things) must happen, either a 
relatively larger quantity of oxygen must be removed from a umt 
of blood as it passes through the tissue capillaries, thus giving an 
anoxemia in the mean capillary and venous blood, or the rate of blood 
flow must be increased in proportion as the oxygen carrying capacity 
of the blood is reduced These two pnnciples are illustrated in 
figure 17. 

Should the first alternative occur there would be no difficulty 
in gas transport during rest, and I believe it is a matter of common 
experience that even severe anemia (except that due to sudden 
massive hemorrhage, and in that case the anoxemia is rather of the 
stagnant than the anemic variety) gives rise to no hyperpnoea or 
dyspnoea so long as the patient remains quiet. The normal person 
utilizing perhaps but 25 to 30 per cent of his oxygen carrying capacity 
has a good portion of the remainder as a reserve which upon exertion 
lies between him and asphyxia The anemic patient, unless his 
blood flow is accelerated, sacnfices a certain part of this factor of 
safety, the degree of sacrifice depending on the degree of anemia 
Under these circumstances the performance of muscular work might 
produce anoxemia of marked degree and hyperpnoea and perhaps 
dyspnoea would result 

If the second alternative occurred, that is to say compensatory 
acceleration of blood flow, then there might be no anoxemia, not even 
venous, but the heart would be required to do continually an abnormal 
amount of work, for the work of the heart depends upon the amount 
of blood it pumps in a unit of time and the pressure against which it 
is pumped. The performance of muscular work under these circum- 
stances would call for a still greater circulation rate and hyperpnoea 
and dyspnoea might result from insufficient blood flow just as a 
little later we shall see they do in cardiac disease 

Which of these alternative adjustments actually takes place in 
anemia remains to be proved Haldane and his school believe the 
latter Lundsgaard inclines to the former, Haldane based his con- 
clusions on blood flow determinations made on the Pick pnnciple, 
Lundsgaard on the artenal and peripheral venous blood These 
pnnciples have been discussed earher Each is open to question, the 
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no 17 Schema OP THE Blood ^to^^ IV Anemia 
Compare figure 9 The 0 T>*gcQ absorption is assumed to be the same as that of the 
normal person, 200 cc per minute The o^’gen capacit>, because of the reduction in 
hemoglobin, is onl> 100 cc per liter There must be a variation, therefore, from the 
normal either m U\c cocCUcicnt of utilization of ot> pen carrying po^^ er, as is shov. n in the 
upper portion of the diagram, or in the total blood flow as is shown in the lower The 
first instance shows what would happen if 4 liters of blood flowed per minute, 200 cc 
would be left m Uie tissues and the venous blood would ha\t a saturation of 50 per cent, 
the coefliacnt would be 50 per cent The second instance shoin a doubling in the blood 
flow, 8 liters per minute, with the result that the \cnous blood is 75 per cent saturated 
and the coefilacnl is 25 per cent 
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truth may well lie between the results obtained by the two If the 
coefficient of utilization of the oxygen carrying capacity could be 
accurately determined the problem would be solved, but to date it 
has not been 

A series of coefficients in normal persons and in patients with 
polycythemia and anemia based on arterial and peripheral venous 



Fig 18 The Coeiticienx of Utilization of Oxtgen Caerving CApAaiY with 
Varying Concentrations of Hemoglobin 
The ordmate shows the coeffiaent, the abscissa the percentage of hemoglobin The 
points were determined by personal observation or collected from the hterature by 
Bock and Means Although the pomts show a considerable individual scattenng, there 
is, nevertheless, a definite inverse ratio between the coefficient and the hemoglobin 
concentration 

blood was collected by Dr A V. Bock and myself in 1920 from 
personal observations and from the literature They are shown in 
figure 18 Because of the vanabihty of arm vein blood they can be 
taken as suggestive e\'idence onl 3 ^ It may be said, however, that 
much as does the oxygen saturation of arm vein blood vaiy, normally 
it does not vary to the extent shown by these coefficients obtained in 
blood diseases. Furthermore the tendency for the coefficient to be 
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consistently higher as the hemoglobin falls and Ion er as it nses above 
normal makes it seem unlikely that in anemia decreased oxygen carry- 
ing pon er is completely compensated by increased blood flow 
In those conditions of the blood in which a portion of tlie hemoglobin 
IS useless for oxygen transport, such as carbon monoxide poisoning, 
nitro-benzol poisoning and methemoglobinemia there probably is 
anoxenua as in ordinary anemia These conditions, however, are 
often acute while anemias, except that due to sudden hemorrhage, are 
for the most part chronic The general reaction to anoxemia in the 
former, therefore, may be somewhat different for it has been shown 
that acute oxygen want gives nse to a different picture than chronic 

X nVSPNOEA ASSOCIATED PRIMARILY lYlTH XCECHANICAL AND NERVOUS 
HINDRANCES TO THE RESPIRATORY MOVEMENTS 

Under this headmg I shall consider those factors which mechanically, 
or through nervous channels, either limit the total pumping capacity 
of the pulmonary bellows or which force upon it an inefficient tj'pe of 
respiration 

It IS apparent from what has been said earlier that the point at 
which hyperpnoea gives nse to dyspnoea will bear some relation to 
vital capacity The ventilatorj capabilities of persons with reduced 
vital capacity are obaaously less than those with normal ones As 
the volume per breath approaches that of the vital capacity the 
breatliing tends to become distressing 
There are many causes for reduced vital capacity Rabinow itch’s 
findmgs in exophthalmic goiter have been discussed The reduced 
vital capacity of heart disease and pneumoma will be considered 
in the sections which follow Other causes for reduction are often 
found, such as hjdro or pneumothorax, mediastinal or thoraac 
tumors The effects of these vanous causes are similar 
Pneumotliorax presents a reasonably simple problem, a reduction 
in vital capacitj essentiallj unaccompanied bv other factors which 
might influence respiration Balboni and I hav e made some observa- 
tions upon the breathing in this condition In the first place it was 
found th It basal metabolism, alveolar carbon dioxide tension and 
rate and amplitude of breathing were all watlun normal Imiitsdunng 
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rest The vital capacity on the other hand, as would be expected, 
showed a diminution to the neighborhood of one-half of the normal 
The reaction to carbon dioxide was observed in several cases, and the 
finding in bnef was that the increase in total ventilation followed the 
normal curve (fig 7) until the increase reached about 300 per cent at 
which point dyspnoea became marked and the observation had to be 
discontinued It wiU be remembered that in the normal the dyspnoea 
point was reached at between 400 to 500 per cent In other words 
these patients with pneumothorax presented an example of dyspnoea 
on exertion only, due entirely to a mechanical limitation in their 
ventilatory capacity Within their capacity they react in a normal 
manner but their capacity is matenally dimmished Should their 
rate of metabolism because, let us say, of the performance of muscular 
work exceed their ventilatory limitation, they would of course have a 
retention of carbon dioxide (carbomc acidosis) and very likely 
anoxemia The onset of dyspnoea, however, forces them to cease 
work before any such point is reached 
Another condition in which a reduced vital vapacity results of 
necessity from the existing anatomical abnormality is pulmonary 
emphysema The state of affairs here is, however, somewhat more 
complicated than in pneumothorax Besides the lowered vital 
capacity there is, as Hoover has shown, an increase in size of the dead 
space which he believed due to bronchiolar atony. We have seen that 
increased dead space is a primary cause for hyperpnoea because it 
necessitates a greater total ventilation for the accomplishment of a 
given alveolar ventilation The emphysematous patient therefore 
has in his increased dead space a respiratory handicap constantly 
present which he must overcome, just as the thyrotoxic patient has 
in his increased rate of metaboh'sm Furthermore his lowered vital 
capacity diminishes his total ventilatory capability, thereby reducing 
the amount of effort that can be made without dyspnoea 
Emphysematous patients, however, in contrast to those with 
pneumothorax, present evidence of a certain degree of compensatory 
adjustment to these adverse circumstances R W Scott for instance 
has made the interestmg discovery that in emphysema there is an 
increased tolerance to carbon dioxide That is to say, as his patients 
breathed increasing percentages of carbon dioxide their reaction 
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curves, instead of following the normal as did those with pneumo- 
thorax, were much flatter For a given nse in the carbon dioxide 
concentration of the inspired air there w as less percentage nse in total 
ventilation in emphjsema than m normal persons The explanation 
of this phenomenon lies in the supernormal level of blood alkali in 
these cases Scott found, and others had found earlier, that the 
alveolar carbon dioxide tension was increased in emph>sema Scott 
also found that blood reaction was not abnormal In other words 
the conditions of acid-base balance must be those as shown in the 
carbon dioxide diagram (fig 12) by point S (high le\cl curve with 
normal pH) 

This state of affairs in emphysema to a certain extent amounts to a 
compensation for a \entilatory handicap, for it is obvious from the 
second law of breathing that it reduces the amount of ventilation 
neccssarj' to eliminate a given quantity of carbon dioxide This is 
far from an unmixed blessing It does, it is true, dimmish the labor 
of breathing, but at the same tune reduces the margin of safety against 
ox> gen w ant If through high level of blood bicarbonate venUlation 
IS decreased too much, anoxemia may result, and the compensatory 
mechanism while dimimshing one evil may introduce anotlicr 
In point of experience Scott found that although his emph> sematous 
patients could tolerate more carbon dioxide tlian normal persons, 
they also, when they did reach the breaking point, reached it far more 
acutely and distressfullj than do normal persons It may be inferred 
that their compensation at best is but an imperfect one, and that not 
only are they often constantly slightlj anoxemic, but that frequently 
they are in danger of severe anoxemia Of course with emphysema 
there often is assoaated cardiac pathologj Under such circum- 
stances w c might hav e added all the factors of circulatory insufficiency 
as well 

The problem presented by brondiial asthma is an interesting one 
In this condition we have an clement that is probably unique, in the 
prolongation of the txqiiratorj phase The brondiiolar spasm doubt- 
less throws some difficulty in the wav both of the entrance to and exit 
of air from the lung alveoli, but this difficultj is more ajiparent in the 
cxpiratorj phase because of the fact tliat expiration ordininli is 
passive In the asthmatic attack an active expiration is required 
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which greatly reduces the point at which the breathing becomes 
distressful Furthermore the vital capacity is much reduced so that 
the asthmatic with lowered ventilatory capability encounters active 
resistance in both phases of the respiratory movements, and suffers 
therefore from intense dyspnoea The ventilation is, very likely, 
often frankly insufl&cient in asthma, and anoxemia and cyanosis result 
Spirographic tracings recently taken by S G. Mudd in the medical 
clime of the Massachusetts General Hospital show that the well 
known relief afforded by epmephrin during the asthmatic attack is 
accompanied by an increase in the volume per breath and in the total 
ventilation and vital capacity, and a shortening of the expiratory 
phase The relaxation of the bronchiolar spasm relieves the obstruc- 
tion to the free passage of air, increases the vital capacity thus remov- 
ing the chief causes of the dyspnoea 

The likelihood of intrathoracic tumors producing dyspnoea seems 
to depend to a greater extent upon their position than upon their 
size A tumor situated laterally would, to be sure, encroach upon the 
lung to a certain extent thus reducing vital capacity but reduction 
from such a cause would rarely be of a degree that would give rise to 
more than a slight ventilatory handicap It is the centrally placed, 
that is mediastinal, tumors that produce the greatest embarrassment 
This may be in part due to actual pressure narro%ving of the 
trachea or bronchi, but perhaps in part also to interference with the 
proper action of the thorax or diaphragm 1 recall particularly in this 
connection two patients 

One was a young man with acute lymphatic leukemia who suddenly 
developed a rapid and very distressing type of breathing His total 
ventilation per minute was 8 7 liters and the volume per respiration 
415 cc A determination of the basal metabolism showed an increase 
of 50 per cent above normal His carbon dioxide output therefore 
was increased 50 per cent and so approximately was his total ventila- 
tion, but this amount of increase per se should not have caused 
dyspnoea His ^atal capacity on two occasions was only 1 1 liters 
This is less than one-third of w'hat it should have been A slight 
hyperpnoea with a marked restnction in vital capacity accounts for 
the dyspnoea In normal persons it will be remembered the volume 
per breath is about 12 per cent of the vital capacity, in this boy it was 
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38 per cent At autopsy the lungs were clear, but in the mediastinum 
there was a hard mass of IjTnph nodes the size of a man’s fist This 
mass was the only anatomical cause that could be found for the low 
vital capacity 

The second patient was a man of seven ty-tivo who had had very 
severe dyspnoea coming on quite acutely five w eeks before he came 
under observation One interesting feature of this dyspnoea w as that 
It w as w orse when he sat up than w hen he lay flat, that is, the antithesis 
of orthopnoea He also had cyanosis of the head and upper ex- 
tremities which was most marked when he lay down There was 
edema of the face and neck with supracardiac dullness, dilated veins 
about the insertion of the diaphragm and a moderate hydrothorax 
on the right In other words he presented the picture of upper 
mediastinal pressure At autopsy there was found a malignant 
Ijunphoma of the mediastinum pressing on the vessels to and from 
the heart Of course there were several causes for dyspnoea in this 
man An anoxemia hyperpnoea was probably one Nevertheless it 
seems likely that the major portion of the dyspnoea w as mechanically 
produced and the interesting thing for us to note now is that in this 
patient the volume of air per breath and the vital capacity were 
essentially identical, about 500 cc The respiration rate was 35 
Not only was there a rapid rate but each breath, though not larger 
tlian normal, was yet 100 per cent or thereabouts of the vital capaaty 
instead of 12 per cent or so Each breath required a great effort and 
tlie dyspnoea accordingly was extreme Moreover this was true 
dunng complete rest He had absolutely no power to increase 
ventilation further Muscular exertion therefore was impossible 
Interference from any cause witli the proper action of the diaphragm 
probably limits ventilatory power or at least lowers the dyspnoea 
point through tlic tlirowing of added work on the thorax, although 
Schroeder and Green have concluded from their expenmental work 
that tlic diaphragm is not an essential muscle of respiration Sudden 
paralysis of the phrenic nerves gives rise to more respiratory em- 
barrassment than gradual Abdominal distention, particularly when 
it conics on acutely, perhaps through an effect upon the diaphragm, 
seems capable of making the respiratory movements distressful I 
have seen several patients who when the stomach or bowels were 
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distended with gas had a rapid shallow type of breathing, one might 
call it tachypnoea, which was distinctly unpleasant The effect of 
abdominal distention will be discussed somewhat further m the section 
on pneumoma 

Under mechanical hindrances the last which I should like to mention 
is obstruction to the passage of am as from narrowing of the bronchi, 
trachea or upper air passages The type of dyspnoea so produced is 
familiar enough to all and needs no comment here, the experimental 
results, however, of Davies, Haldane and Priestley are of interest 
in this connection These investigators produced obstruction to the 
respiration of normal persons It was found that the response to such 
resistance was a slowing and deepening of the breathmg They also 
found that when the resistance becomes excessive the respiratory 
center begins after a time to become fatigued and the breathing then 
becomes shallow and more frequent This produces anoxemia which 
in turn aggravates the fatigue of the center and a vicious circle is 
established 

It is probable that purely nervous causes, other than paralysis of 
the motor nerves of the respiratory muscles, are capable of limiting 
ventilatory capacity and hence may be potential causes of dyspnoea. 
We have seen that while the chemical control of breathing determines 
the quantity of alveolar ventilation, the nervous control determines 
the type of breathmg that shall accomplish the required ventilation 
If this is true, it is quite conceivable that a disturbance in innervation 
might so interfere with normal expiration that a state of constant 
inflation might be established Considerable evidence in favor of 
this view will be found in the work of White on shell-shocked soldiers 
and other psychoneurotics. Some of these men with no organic 
lesions of the heart or lungs suffered from all the subjective symptoms 
of cardiac failure, dyspnoea, palpitation and precordial pain The 
striking thing is that while objectively there was no organic heart 
lesion, nevertheless the vital capacity was often reduced, the degree of 
reduction varying with the degree of nervousness It is hard to 
attribute this limitation of vital capacity in these soldiers to any but 
nervous causes, but even so it handicaps as one organically produced 

In summary it may be said that any factor which reduces vital 
capacity, be it functional or anatomic, wU lower the dyspnoea point, 
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and that any factor which increases the dead space will increase total 
ventilation and thus be a primary cause of h>'perpnoea and therefore 
potentially also of dyspnoea 

XI CARDWC DVSPXOEA 

The cardinal symptom of the failing heart is dyspnoea, especially 
the kind that is dcfinitelj related to exertion, but also the paroxysmal 
variety, so-called cardiac asthma, as well as the related manifestations, 
orthopnoea and periodic breathing 
In attempting an analysis of the causes of cardiac dyspnoea we 
shall do well to follow our original scheme, starting therefore with 
metabolic respiratory demand The work of Peabody, Meyer and 
DuBois shows that tliere is often_an increased metabolism These 
investigators studied the heat production and elimination m cases of 
cardiac and renal disease They say 

Patients wath compensated cardiac lesions or mth mild nephritis showed 
no increase in the metabolism Of twelve patients with dyspnoea, nine 
showed a distinct rise in metabolism, and in fi\e of these the increase was 
from 25 per cent to 50 per cent above the average normal Two out of the 
five gave evidence of marked acidosis in tlie low content of carbon dioxide 
in the alveolar air In two others, whose metabolism was just as high, 
there was no significant depression of the alveolar carbon dioxide 

\\ e may sa> then that from the pomt of view of demand for ven- 
tilation, tlie patient with cardiac insufficiency maj have anywhere 
from no increase to an increase of 25 to 50 per cent This per se w ould 
not be suffiaent to cause dyspnoea during rest, but in the way pre- 
viously described would play its part in the lowering of the point at 
whicli dyspnoea would appear on exertion 
The ability of the blood itself to transport gases is probably adequate 
in cardiac disease Such changes as have been observ’cd in the 
oxygen or carbon dioxide combimng power are undoubtedly secondary 
to impaired circulation Increased oxygen capacity is frequently 
met in the familiar cry throcytosis of congenital and of chronic acquired 
heart disease, cspeaally when nssoaatcd wath marked cyanosis, and 
may reasonably be regarded as a compensatory phenomenon De- 
pressions in carbon dioxide capacity may' be associated with anoxemia 
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in the cardiac patient just as they are in the normal person while 
residing at a high altitude, but there again we are dealing with an 
effect rather than a cause Factors demanding hyperpnoea of a 
primary nature, that is inherent in the blood as in true acidosis, such 
as either the metabolic variety of diabetes or the retention variety of 
nephritis, probably do not exist in uncomplicated heart disease. 
They would occur only when renal disease is present as well 
The fundamental fault responsible for cardiac dyspnoea is ob- 
\dously to be found not in the nature of the blood but in the rate at 
which it is pumped, in the heart itself Subnormal circulation rate, 
which undoubtedly exists in many if not all patients with heart 
disease, may be brought about in a variety of ways, leaking or ob- 
structed valves, overworked or weakened heart muscle or by con- 
genital lesions with communication between the two sides of the heart 
Into the varieties of heart disease we need not go The factors 
leading to dyspnoea are common to all The important point is that 
the heart either because of increased work, fatigue or degeneration is 
unable to maintain an adequate rate of blood flow Increased work 
may be due to valvular defects, to adhesive pericarditis, or to hyper- 
tension or hyperthyroidism, while degeneration may be due to 
infectious or toxic myocarditis, or to arteriosclerosis The results as 
far as dyspnoea is concerned are not so very different 

Let us consider therefore the effects which decreased minute volume 
of blood flow may have upon gas transport and hence upon external 
respiration We may for convenience separate these effects into those 
upon the carriage of each of the two respiratory gases, recognizing, 
however, that the two are inseparably interrelated 

Oxygen transport, being the more conspicuous since difficulty with 
it gives rise to tlie cyanosis that we attribute so confidently to disease 
of tlie heart, is perhaps best to discuss first The types of anoxemia 
have been described earlier The stagnant is that primarily due to 
slow blood flow, the anoxic or arterial that primarily due to deficient 
aeration in the lungs Both may occur in cardiac failure, but the 
former may also occur m heart disease before failure has set in 
Certam cardiac lesions more than others materially interfere with 
the heart’s output, stenosis and insufficiency of valves, especially 
mitral stenosis, also those congenital lesions in which there is a left 
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to right shunt In cases of these t 3 rpes reduced blood flow is probably 
a constant affair It is a natural consequence of the lesion and does 
not of itself indicate failure Of course m such cases even when 
compensation is good, there is an extra burden on the heart and there- 
fore on the respiratory organs and hence a lowering of the dyspnoea 
point, that IS, dyspnoea on exertion of a grade that would cause none 
in a healthy person In all types of heart disease there probably is 
decreased blood flow when failure sets in 
The methods of deterimmng blood flow in man together with the 
results obtained and the sources of error have been discussed in section 
V Observations on patients with heart disease are scant In 1915, 
Newburgh and I published figures for the rate of flow determined by 
the Krogh-Lindhard method during rest and work in a normal subject 
(J H M ) and in a man with chronic rheumatic heart disease (CL) 
This patient had double lesions of the aortic and mitral v'aNes but 
was well compensated and had only slight cyanosis 
In figure 19 are shown the curves for oxygen absorption 
(metabolism), total pulmonarj’ ventilation, blood flow and pulse rate 
for the normal subject (J H M ) at rest and with increasing amounts 
of work It will be noted that blood flow, metabolism and ventilation 
show an even and similar rise as work increases The pulse curve lags 
behind, it is reconcilable with the blood flow curve only on the theory 
that output per systole increases with work 
The curves for the cardiac patient (CL) are given in figure 20 
The resting values for this subject by comparison with table 1 will 
be seen to be quite like those for normal persons They w ere (average) 
blood flow 4 6 liters per minute, pulse 72, volume per systole 64 cc , 
coefficient of utihzation of oxygen carrying pow er 39 per cent During 
work It will be noted there is a sharper rise in metabolism (oxygen 
absorption) than in J H M This would indicate that C L w as a 
less efficient machine The blood flow increase, while not unlike 
J H M’s, docs not keep pace with metabolism as did J H M’s 
This of necessity' means a greater unsaturation of venous blood in the 
cardiac than in the normal subject The coefficient for instance m 
J H M rose from the renting value of 40 per cent to a maximum of 
47 per cent during work C L’s rose from a resting value of 39 per 
cent to a maximum of 55 per ceht during work 
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Fig 20 The Blood Flow, Oxygen Absoephon, and Pulse Reaction to Work in a 

Cardiac Sotject (C L) 
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The gases of both artenal and venous blood in cardiac disease have 
received considerable attention in the last decade The whole subject 
with special reference to cyanosis has been reviewed and discussed 
in a recent monograph of this series by Lundsgaard and Van Slyke 
In general the evidence points toward stagnant anoxemia of varying 
grades due to slow blood flow, particularly in mitral stenosis (Means 
and Newburgh, Lundsgaard, Meakins, Dautrcbande and Fetter) 

Arterial or anoxic anoxemia also may occur in heart disease, but 
only when tliere is failure (Harrop) It is due to defective aeration in 
the lungs, perhaps from simple cardiac edema or to complications 
Harrop for instance, in many of his patients with cardiac decompensa- 
tion found that the arterial blood was only 85 to 90 per cent saturated 
instead of 95 per cent as in the healthy subject His lowest finding of 
81 4 per cent was in a patient with emphysema, chronic broncliitis 
and chronic myocarditis 

In congenital heart disease the artenal blood may be profoundly 
anoxic but here the difficulty lies not in the lungs (as is othenviso the 
case in this type of anoxemia) but in a nght to left shunt m the heart 
Itself The anoxemia of such cases is unique in this respect The 
most extreme grades of cither artenal or venous anoxemia ever ob- 
served are found in these congenital cases Such a patient has 
recently been studied at the Massachusetts General Hospital by Bock, 
Field and Henderson Their findings will soon be published Accord- 
ing to their calculations the pressure head of oxygen available in this 
patient’s tissue capillaries was about what a normal man’s would be 
were he dwelling at the summit of Mount Everest 

As retarded blood flow brings about an undue unloading of the 
blood’s oxygen in the tissues, so does it likewise lead to an excessive 
loading of carbon dioxide This excessive load, however, can be 
blown off in the lungs by hyperpnoea Pearce has emphasized tins 
phase of the problem quite clcarlv and shown how it is possible for 
insufficient blood flow to be compensated, so far as carbon dioxide is 
concerned, by superventilation I have alreadj touched in section V 
upon tlie relation between the minute volume of blood flow and 
ventilation in the normal So far as we can judge they arc of some- 
where near the same order of magnitude 
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In figure 21 I have attempted, following Pearce’s conceptions, to 
represent diagrammatically the relationships which may be expected 
to exist in heart disease On the left is shown what is believed to take 
place in healthy persons, a progressive and parallel rise in both factors 
until the point is reached as indicated by the dotted hne where 
cardiac output can no longer keep pace with metabolic demand At 




Fig 21 Schema Showing Character of the Blood Flow and Ventilation Reaction 
TO Work in the Normal and Cardiac Sdbjecx 

The ordinate denotes percental increase above Testing value, the abscissa, work 
performed 

In both subjects the metabolism (2f) mcreases progressively as work mcreases In 
the normal, ventilation (F) and blood flow (F) show a hke increase to a certam point 
Beyond that F becomes less steep than M, and to overcome this V becomes steeper 
(superventilation) In the cardiac subject F is subnormal even during rest, V is therefore 
supernormal VTien work begins F fails to keep pace with Af earher m the process, and 
superventilation as shown by the course of V begins sooner 

The horizontal hne (D) represents the amount of hyperpnoea necessary to give 
djspnoea It wfll be seen that V reaches D at a much lower grade of work m the cardiac 
than m the normal. 

this point superventilation comes into play to compensate for the 
insufficient blood flow. At the right is shown what may be expected 
to happen in cardiac patients 

In the first place the resting blood flow in heart disease may be 
slower than normal; therefore ventilation, even at rest, must be above 
normal. As metabolism rises with Work, because of weakness either 
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relative or absolute of the heart musde, blood flow begins to lag 
behind metabolism earlier than in the healthy subject Superventila- 
tion therefore sets in earlier, and if we let the horizontal line D repre- 
sent the level of ventilation at which dyspnoea appears, then it is 
obvious that the metabolic increment M possible to the cardiac patient 
IS much smaller than that of the normal man 

An mfinite number of diagrams of this sort might be made to in- 
dicate quantitatively the conditions existing in actual individual 
patients, for in no two probably arc the factors precisely alike The 
two qualitative diagrams that I ha\e shown, however, may make 
clear the general character of the vanations in heart disease and tlie 
nature of the task with which the cardio-respiratory mechanism is 
confronted 

The observations of Peabody and Sturgis seem to bear out the 
theories of Pearce In patients wnth compensated valvular heart 
disease standing still, the minute volume of the ventilation was found 
to be greater, and the breathing faster and more shallow, than in 
healthy persons under the same conditions During work of a mild 
grade the increase m ventilation was relatively the same m the normal 
and cardiac subjects studied, but absolutely greater in the latter 
After exercise stopped the dyspnoea was found to continue longer in 
the cardiac subjects It was concluded that the explanation for this 
lay in a delaj ed elimination of carbon dioxide due to inadequate blood 
flow 

In bncf, then, we may assume that in cardiac disease there may 
through slow blood flow be delay both in getting ox> gen in and carbon 
dioxide out The latter may to a certain extent be compensated by 
superx entilation Supen cntilation has but htUe effect on anoxemia, 
none on the stagnant type, possibly a slight relief of the anoxic type 
through an improved tension of oxygen m the alveolar air This 
phenomenon is seen m persons Imng at high altitudes Wc should 
bear in mind that anoxemia per se is believed to be a direct cause of 
livTicrpnoea 

The type of breathing in heart disease, as has been said, is often 
rapid and shallow This is an uneconomical tjqie for, as has been 
pointed out bj Edsall, a rclativ cly greater amount of total air pumping 
has to be done to accomplish a given ventilation of the alveoli than 
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with a slower and deeper type Haldane, Meakins and Priestley 
furthermore believe that rapid shallow breathmg tends to produce 
anoxemia, this being due, they think, to an incomplete expansion of 
the lungs and the passage of a portion of the blood through lung areas 
where it is incompletely oxidized. In these areas the carbon dioxide 
would be incompletely eliminated, therefore superventilation of the 
dear portions would be called for In other words, this respiratory 
t>^e of the cardiac patient’s, as well as his slow blood flow, may in 
several possible ways be expected to throw an extra ventilatory burden 
upon him 

The reason for the shallow type of breathing lies chiefly in a restric- 
tion in the vital capacitj'-, although accordmg to the theories of the 
Oxford School it may in part be the results of anoxemia, for not only, 
so Haldane, Meakins and Priestley teU us, does rapid shallow breathing 
produce anoxenua but the hyperpnoea induced by anoxemia often 
is of a rapid shallow type Thus a vicious circle is established This, 
however, is all pretty theoretical, whereas the restriction in vital 
capadty is a well estabhshed fact 

That such restriction nearly always occurs in congestive failure 
has been shown by Siebeck, Bittorf and Forschbach, and by Peabody 
and Wentworth Sometimes the capacity is as low as one liter. The 
midposition is apt to be depressed sometimes to such an extent that 
there is little or no reserve air The complemental air is generally less 
reduced than the reserve Peabody and Wentworth followed a 
number of cases through the period of failure into that of compensation 
and found that the vital capacity gradually increased The amount of 
restriction in \ntal capacity and the amount of dyspnoea usually 
varied together, and the relative size of the vital capacity furnished 
a good index of any given patient’s cardiac reserve 

The reason for the reduction in vital capacity in heart disease 
seems to be, according to the experimental results of Drinker, Peabody 
and Blumgart, the loss of elasticity of the lungs which results from 
congestion At least this is an important factor The enlargement 
of the heart and the extra blood in the pulmonary cucuit would 
encroach somewhat on the available air space Experimentally it 
was shoTvm that when the pulmonary veins were partially occluded and 
the pressure in the pulmonary circuit thereby increased, the capacity 
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of the chest for containing air vaned almost inversely with the pul- 
monary blood pressure 

In a recent paper Sturgis, Peabody, Hall and Fremont-Smith have 
studied the maximum minute volume of ventilation possible to normal 
man They found that 35 per minute was about the highest rate and 
one-third the vntal about the highest volume per breath that could 
be maintained for any appreciable length of time The maximum 
possible ventilation for any subject therefore might be predicted 
according to the formula 


Maximum minule \olume: 


wlal capacity 


In Other v,ords, the vital capacity, they believ e, is a good index of the 
respiratory capabilities of the cardiac patient, and hence of his ability 
to exert himself 

In summaiy ive may then say that the amount of dyspnoea of any 
individual with heart disease uoll depend chiefly on the rate of his 
circulation and upon the vital capacity of his lungs Both of these in 
turn arc dependent upon the state of the heart muscle and the mag- 
nitude of the obstacles it has to overcome The relative importance 
of tliese factors x\ill varj' from patient to patient and with the degree 
of failure or compensation and the type of lesion Here wo can only 
indicate certain underlying principles It should be clear, howexer, 
why dyspnoea may occur on exertion in heart disease even when the 
mjocardium is entirely adequate As failure sets in certain com- 
plicating factors make their appearance, edema of the lungs for 
example, adding perhaps an anoxic to an alrcadj existing stagnant 
anoxemia, or renal insufficiency producing acidosis and hence a further 
call for hjperpnoea All tlicse increase tlic respiratory task and 
therefore the degree of embarrassment 
Before concluding this section a word on certain special forms of 
dyspnoea seen m cardiac patients is m order I refer to cardiac 
asthma, Chej ne-Stokes breathing, and orthopnoea 
Cardiac asthma of course is simply a descriptive term applied to 
sudden attael s of d) spnoea of a sort resembling true bronchial 
asthma but ocairriiig in chronic heart disease Oftentimes tlierc is 
true bronchiolar spasm with relief from adrenalin Other attacks 
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simulating asthma may be due to sudden pulmonary edema, this 
variety bemg common m arteriosclerotic or in hypertensive heart 
disease It is obvious that sudden edema of the lungs may cause 
very urgent dyspnoea both by its interference with gas exchange in 
the alveoli and by actual encroachment on available air space within 
the chest 

Chejme-Stokes breathing Haldane believes always is a manifesta- 
tion of oxygen want This may be true, but the relationship is by 
no means a simple one The state of excitability of the respiratory 
center is an important factor, and is doubtless subject to many 
influences So simple a matter as the degree of sleepiness or wake- 
fulness may determine whether or not the breathing of a given 
patient at a given moment wiU be periodic Haldane is doubtless 
right m supposing that periodicity denotes imperfect regulation, the 
analogy with an engine governor is very apt But we well know that 
anoxemia only occasionally is accompanied by periodicity A variety 
of circumstances have to be just so before periodicity occurs, some- 
what as in the case of a motor car which develops a certain rattle at 
35 miles but not at 33 or 37 

For orthopnoea too Haldane offers an explanation The fan-hke 
expansion of the lung which in shallow breathmg is thought to be 
incomplete, thus giving rise to anoxemia, is beheved to be even more 
incomplete in the recumbent position than m the upright To the 
normal person this matters but little, to the dyspnoeic cardiac patient 
on the other hand, already anoxemic while upright, it may amount to 
so much that breathing becomes well nigh impossible while lymg flat 
The recent work of Christie and Beams who have shown that orthop- 
noea occurs only when the vital capacity is reduced bears this out 
These authors find that in 80 per cent of normal persons the vital 
capacity is less in the recumbent than m the upright position If the 
original loss from disease is great and if a patient suffers an additional 
loss on lymg down dyspnoea is necessarily intensified, that is to say, 
there is orthopnoea 

The effect upon the breathing in heart disease of such complications 
as emphysema, bronchitis or hydrothorax will be apparent from what 
has been said in section X, the effect of pneumoma will be discussed 
in section XII 
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XII THE DYSPNOEA OF PNEUMONIA 

I have spoken m section II of DuBois’ discovery that there is a 
rise of about 7 2 points in the basal metabolic rate for every degree 
Fahrenheit of fever From this it will be apparent that the pneumonia 
patient wiUi five degrees of fever will have to respire sufficiently to 
accommodate a gas exchange which is some 36 per cent higher than it 
would be in health 

The blood itself as a transporter of gases is probably not parUcularly 
abnormal m pneumonia I can find no convincing emdence, for 
instance, that the oxygen combining power is materially altered 
Studies of the carbon dioxide diagram (Bock, Means and Wooduell) 
(Barach, Means and Woodwell) have shown some tendency for the 
curve level to be slightly depressed and the pH to be altered slightly 
in the direction of aadity After the crisis both curve level and pH 
become normal 

Why the arterial point should sometimes occupy positions 3 or 4 
of figure 12 is not entirely clear There may of course be a slight 
non-volatile acidosis in certain cases A carbon dioxide acidosis, 
that is to say retention of carbon dioxide in the blood because of 
insufficient pulmonary ventilation, is theoretically possible and might 
be the explanation for those diagrams in which the A point falls m 
the 4 position 

That a carbon dioxide acidosis is a physiologic possibility has been 
shown by the work of Scott This investigator determined tlie ven- 
tilation reaction of decerebrated cats to increasing amounts of carbon 
dioxide in the inspired air after the method used by Neuburgh, 
Means and Porter He found that when the inspired air contained 
5 per cent of carbon dioxide an actual shift of the hydrogen ion con- 
centration of the blood in the acid direction could be demonstrated 
Scott found also that under these circumstances the bicarbonate 
rcserv’c was increased but not in suffiaent proportion to preserve the 
HiCOs NaHCOi ratio at its usual value 
There are two possible cxjilanations of uhj the ventilation should be 
insufficient in pneumonia first, the obvious one that the pulnionarj' 
bellows IS mechanically insufficient (this I will consider a little later), 
and second because of a decreased scnsitiv itj of the respiratorv center 
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towards its normal stimulus Newburgh, Porter and I in 1916 showed 
that in experimental pneumonia there is a progressive decrease in 
sensitivity of the center as the disease advances This was demon- 
strated by a progressive fall in the ventilation reaction to increasmg 
amounts of carbon dioxide in the inspired air as the animals grew 
sicker A series of such curves is shown in figure 22 Such a depres- 
sion in the sensitivity of the center might be expected to give arterial 
points in the 4 position To what it was due we are unable to say. 
It apparently was not the result of bacterial toxms, for animals 
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Fig 22 Ventilation Reaction to Carbon Dioxide in Dogs ivith Pneumonia 
From Newburgh, Means and Porter Upper curve, normal dogs Middle curve, 
dogs moderately ill with pneumoma Lowest curve, dogs very ill with pneumonia 

with septicemia caused by the same organism as that of the pneu- 
moma animals failed to show any depression, nor could we produce 
it in animals with anoxemia due to carbon monoxide poisoning 
Some later work by Porter and Newburgh suggests that it may in 
part at least be due to the effect of centripetal nervous impulses along 
vagus path^svays Personally I feel that anoxemia may have had 
something to do with it 
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The work of Davies, Haldane and Pnestley is interesting in this 
connection They apparently demonstrated that resistance to breath- 
ing if excessive is capable of fatigumg the respiratory center The 
progressive decrease in sensitivity of that center m pneumonia, dis- 
covered by Newburgh, Porter and mj-self, may also have been in part 
due to fatigue, particularly as our results show'ed that it was not the 
result of toxemia The further work of Porter and Newburgh may 
then be interpreted as showmig that impulses carried by the vagi are 
the stunuli produang the fatigue 

Of the blood flow m pneumonia, so far as I am aware, nothmg is 
known In the absence of cardiac msufSciency, however, it would 
seem reasonable to assume that it keeps pace with metabolism A 
profound anoxemia may occur m pneumonia but it is of the anoxic, 
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not the stagnant tjpe It is undoubtedly due to incomplete aSration 
in the lungs, not to sluggish blood flow The saturation of tlie venous 
blood may, it is true, be lower than normal but this is probably a 
reflection of the arterial unsaturation and not a result of stagnation 
Peabody in 1913 studymg the venous blood of pneumonia patients 
found that in the terminal stages of tlic disease there was some 
reduction in saturation Stadie in 1919 in patients with the broncho- 
pneumonia of influenza found abnormallj low oxj'gcn saturation in 
both arterial and venous blood He also found that the intensity of 
the cjanosis xoiried in direct proportion to the degree of unsaturation 
of the arterial blood The figures in table 3 are taken from the 
Clines given in his paper 

As to wh} there should be anoxemia m pneumonia tlicrc are various 
possible explanations Hoover m 1918 remarked upon the apparent 
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disassociation of dyspnoea and cyanosis m soldiers who had been 
gassed In these men, who had both respiratory distress and cyanosis, 
the therapeutic administration of oxygen usually cleared the cyanosis 
but failed to relieve the dyspnoea Hoover attributed this phe- 
nomenon to the presence of foam in the bronchial tree Moisture in 
the air passages he believes usually exists m the form of foam He 
pomts out that the presence of foam would interfere matenally with 
both the intake of oxygen and the output of carbon dioxide The 
foam would be made up of alveolar air bubbles The rebreathing of 
expired air therefore would become very much greater than under 
normal conditions This amounts essentially to a great increase in 
size of the functional dead space Now when oxygen is given the 
foam bubbles gradually get saturated at the new tension and the 
rapidity of oxygen diffusion inwards is increased and the anoxemia 
and cyanosis relieved The hmdrance to carbon dioxide elimination, 
however, has not been removed, and hence the respiratory distress 
which Hoover apparently attributes in these cases to retention of 
carbon dioxide is unrelieved This is a most fertile suggestion It is 
quite conceivable that foam may play a part in the production of 
dyspnoea and cyanosis in patients with pneumonia This would be 
especially true of the pneumoma of influenza m which there are often 
definite clinical signs of abundant moisture m the chest, and perhaps 
in certain other bronchopneumomas associated with extensive 
bronchitis 

Hoover goes on to discuss other types of cyanosis In a frank 
lobar pneumonia with one or more lobes hepatized and the remainder 
practically normal, he pomts out that the cyanosis will not clear when 
oxygen is administered This he believes due to the fact that the 
cyanosis is caused by the admixture of blood that has been through 
normal lung and been properly aerated with that which has been 
through hepatized lung and so not aerated, essentially the bame idea 
as that of Haldane, Meakins and Priestley in the case of the uneven 
expansion of the lung m shallow breathmg Under such circumstances 
the administration of oxygen will accomphsh nothmg, for the blood 
which passed through normal lung was thoroughly saturated with 
oxygen when air was bemg breathed, and the rich oxygen mixture 
will no more reach the blood passmg through hepatized lung than did 
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air Hoover believes that exactly the same thing may happen 
when a portion of the lung is shut off from the outside au- by a plug 
in its bronchus In hydrothorax or pneumothorax, on the other 
band, there usually is little or no cyanosis for the reason that the lung 
IS collapsed and the flow of blood through it is greatly reduced, so 
most of the blood passes through the normal lung and hence there 
IS no admixture of properly and improperly aerated blood This 
last theory is borne out by the work of Balbom and myself on pneumo- 
thorax We found that persons with a complete collapse of one lung 
increased their ventilation to increasmg amounts of carbon dioxide 
in the inspired air in an entirely normal manner Now if, in sucli 
persons, any great amount of blood were passing through a lung where 
It failed to get aerated, upon rebreathing hypercapnia would promptly 
be produced, and the cun’e of the ventilation reaction would be much 
steeper than normally, but such was not the case 
These several factors thus suggested by Hoover may individually 
or collectively plaj a part in the production of anoxemia m pneu- 
monia and should bo borne in mind when the various factors produc- 
ing respiratory distress m any given case are under consideration 
The admixture of unacrated blood from consolidated lung ivith aerated 
from sound lung tissue is probably unimportant Gross has shown 
that the arculation through the solid portions of the lungs is, relatively 
to the sound portions, greatly diminished It has also been shown by 
several observers that the anoxemia of pneumonia can be relieved by 
the administration of oxygen This could not happen were it ex- 
clusively due to non-aeration in a consolidated lobe 
It is possible that shallow breathing is a factor m the production 
of anoxemn in pneumonia This has been investigated by Meakins 
The gas exchange and ventilation of four cases of pneumonia is given 
in his paper Ihe highest figure for the volume per respiration was 
310 cc , the lowest ICO cc , and the average 255 cc This is a dis- 
tinctly low figure for the volume per respiration, practically half the 
normal, and is especially striking when contrasted with the total 
ventilation of tlicse cases which vaned between ten and thirteen 
liters, or in the neighborhood of double the normal rcating ventilation 
Two of Meakins’ patients who died showed a progressive fall in the 
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volume of a single respiration until death, and two that recovered 
showed a prompt increase to about 500 cc in the first day or two after 
the crisis 

The reason for the shallow breathmg in pneumonia may be me- 
chanical, chemical, ner\mus, or all three, chemical because of anoxemia 
produced perhaps in one of the two ways suggested by Hoover, and 
we have seen that in view of the experiments of Haldane, Meakins 
and Priestley, oxygen want produces shallow breathmg and shallow 
breathmg produces oxygen want, mechanical because of the fact 
that the vital capacity of the lungs must be reduced in pneumonia. 
I have made a few observations of the vital capacity in pneumonia 
and found a marked reduction. One man, for example, with a con- 
solidation of the right upper and left lower lobes had a capacity of but 
1 5 liters He was a large man and should have had at least 4 liters 
when well Nervous influences must play an important part in the 
production of shallow breathmg m pneumonia, perhaps in part 
through fatiguing the center as I have already suggested, but more 
especially through the limitation of respiratory excursion to reduce 
pleural pain 

Whether the residual air is increased in pneumonia I beheve is 
entirely unknown I have never seen any data on the subject in the 
literature, and as a matter of fact, it probably would be impossible to 
get pneumonia patients to perform the respiratory gymnastics neces- 
sary to make such determinations We do not know therefore 
whether in pneumonia there is any degree of pulmonary inflation or, 
as we might say, functional emphysema such as that occurring in 
decompensated heart disease 

Of the dead space also there seems to be a lack of information I 
have encountered no papers giving the factors necessary to make the 
calculation In Meakins’ cases, however, the carbon dioxide content 
of the expired air was essentially normal and m those of other observers 
the alveolar carbon dioxide has been within normhl limits or lower 
than normal. These facts taken together would be strong evidence 
against any increase in the siae of the dead space, and furthermore as 
we have seen, the work of Haldane and of Henderson seems to show 
that, other things being equal, with shallow breathing the dead space 
is decreased The pneumom'a patient, then, unless he has anatomical 
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emphysema, probably is not m addition to his other respiratory 
troubles bothered with an enlarged dead space 
We may summanze then by saying that the pneumonia patient 
has increased ventilatory needs because of increased metabolism, 
anoxemia, and perhaps because of acidosis, and that at the same time 
he has marked limitation of the efficiency of his bellows through 
restricted vital capacity and that for that reason he is forced to use a 
rapid shallow type of breathing which is not only uneconomical but 
may actually increase his anoxemia His dyspnoea is therefore quite 
understandable With the crisis the temperature falls and with it the 
metabolism, abdominal distention subsides, so too very likely does 
pleural pain, demands for ventilation decrease, supply increases, 
dyspnoea therefore rapidly disappears 

Mil THE TREATilEM OP DYSPNOEA 

In conclusion a few remarks on the treatment of the S3Tnptom we 
have been considcnng may not be out of place S>Tnptomatic treat- 
ment, when possible, should be based upon the known morbid ph>s- 
lology The indications for the treatment of dyspnoea can be deter- 
mined by the same methods that have been used to discover its causes 

First of all comes treatment directed toward reduction of the 
mctabohc rate This is seen most stnkingly in treatment bj rest, 
particularly in heart failure Mere confinement to bed of course 
makes total metabolism closely approach basal and therefore greatly 
diminishes the work both of the heart and the respiratory organs, and 
consequently the dyspnoea Morphine, by diminishing pam and 
restlessness, will act in a similar way In the djspnoea of hyper- 
thyroidism, with or without organic heart disease, those measures 
whicli reduce the hyperthyroidism and therefore the metabolism by tlie 
same token diminish or abolish dyspnoea The scrum treatment of 
pneumonia, avhen successful in so far as it reduced fever and with it 
metabolism, would have a like effect upon djspnoea 

Djspnoea dependent on abnormalities in the ability of the blood to 
transport gases fall in the two main groups of those due to acidosis on 
the one hand and to dcfiutnt amount of axaulable hemoglobin on the 
other True non-\olatile acidosis in mj- opmion constitutes an 
indication for sodium bicarbonate administration, unless the aadosis 
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is SO mild that there is good prospect of speedy recovery without it. 
The acidosis of diabetes, for example, has been found tO'jneld m 
certain instances to alkali plus insulin when it had not to insnhn 
alone The retention acidosis of nephritis also yields to allrali but 
of course only temporarily, even so it may be worth employing if the 
aadosis hyperpnoea is distressful 

The dyspnoea associated with low hemoglobin, which is of anoxemic 
origin, is relieved by whatever measures may restore the hemoglobin, 
as for example the transfusion of blood m severe anemia 

The dyspnoea due to slow blood flow, that is to say cardiac 
dyspnoea, is of course relieved by such measures as improve the 
muscular power of the heart, rest and digitalis The effect of these 
agents is twofold, for not only is blood flow improved, thus diminishing 
anoxemia and the need for superventilation, but at the same time pul- 
monary congestion is decreased and consequently vital capacity is 
increased 

Of the agents which may be used to promote gas exchange in the 
lungs by far the most important is oxygen This gas as a therapeutic 
agent is of great value Its relatively infrequent use m clinics today 
is doubtless due to the lack of satisfactory modes of administration. 
Practically all anoxic anoxemia except that of congenital heart disease 
with right to left shunt and that due (if there is such) to the admixture 
of blood from solidified lung with that from normal lung will be 
either improved or abolished by oxygen therapy Stagnant anoxemia 
of course is not affected by breathing rich oxygen mixtures, for the 
blood already is saturated in the lungs The effect of oxygen therapy 
on cyanosis is a good criterion for distinguishing anoxic from stagnant 
anoxemia The anoxemia of pneumoma Barach and WoodweU found 
could be nearly always matenally relieved by oxygen therapy. So 
too could that of heart disease when of the anoxic type, that is to say 
when it was due to pulmonary causes, edema of the lungs, etc , and 
not s imp ly to slow blood flow The methods for giving oxygen 
continuously are being improved The oxygen chamber at the Rocke- 
feller Hospital marks an important advance in this duection Simpler 
bedside apparatus has been devised (Barach) and undoubtedly in the 
near future an entirely satisfactory tjqie will be evolved. 
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Of the use of drugs m the treatment of dyspnoea little more need 
be said Morphine and digitalis have been mentioned Morphine 
in large doses of course depresses the respiratory center and may lead 
to grave anoxemia from respiratory insufficiencj Used with care, 
however, there is no danger of this and in heart disease by protndmg 
complete rest or in pneumonia by improving the character of respira- 
tion through the relief of pleural pain it may be of great value Of 
drugs which act as respiratory stimulants, that is to say which increase 
the excitabihty of the respiratory center or lower its threshold to its 
normal stimulus, caffein is probably tlie most important The chief 
therapeutic quandary in regard to respiratory stimulation is the deter- 
mination of when it is truly indic<ited Under what circumstances 
does one wish to stimulate the respiratory center? In morplime 
poisoning, of course, a direct indication for stimulation exists Similar 
situations probably occur in disease but they are not easy to recognire 
Theoretically the existence of a carbon dioxide aadosis together with 
anoxic anoxemia would be an indication This condition may occur 
in pneumonia Whether caffein could materially relieve it or not I 
believe is not yet proved Even if caffein is indicated under such 
circumstances, oxj'gen is indicated as well, and it is possible that 
oxygen alone would be sufficient The difficulty here in recognizing 
indications for treatment is because of one’s ignorance of whether 
carbon dioxide acidosis, if it exists, is due to a depressed respiratory 
center or to a mechanical inabihty on the part of the pulmonarj’ 
bellow’s to supply the ventilation required The former might be 
helped by caffein, tlic latter would not 
Adrenalin when used in bronchiolar spasm probably gives more 
dramatic relief to respiratory distress than any oUier agent The 
indication is directly met by the agent cmploj cd This can be shown 
by tracings of the breathing in which after the drug has been given 
the prolonged expiration is shortened, the volume per breath increased, 
and the vital capaaty markedly increased in the space of a few 
minutes The symptom, in other words, was due to an obstruction 
in the broncliiolar pathway The drug abolishes the spasm and 
removes the sjmptom Atropin works in a somewhat similar but 
less satisfactory’ way 
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The procedures which improve the mechanical action of the thorax 
or which remove mechanical hindrances should never be forgotten 
These include proper position in bed, that is an upnght or semi-upright 
position when orthopnoea ispresent, comfortable and adequate support; 
also the relief of abdominal distention and of pleural pain 
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ALTERATIONS OF INTRAPLEURAL PRESSURE AND THEIR 
SIGNIFICANCE' 

EVARTS A GRAHAM 

RrWi Me Department of Snrgeryj Washmston Untiersity School of Medicine, and Barnes 
Hospital, Saint Lotus 

The danger of an open pneumothorax, vas apparcntlj common 
knowledge to the ancient Greeks Celsus (1) in discussing, the ques- 
tion of studying anatomy by dissection of hving criminals, a practice 
in vogue in Alcxandna in the third century before Christ, states 

It IS indeed true that the abdomen, with which our argument is less 
concerned, can be opened nhilc a man yet lives, but as soon as the knife 
reaches the tliorax, and cuts the transverse septum, vhich is a membrane 
dividing the supenor parts from the infenor and called diaphragma bj the 
Greeks, the man at once gives up the ghost, and tlius it is the breast and 
Its viscera of a dead and not a hvmg man rvhicli the murderous physician 
examines He has thus but performed a cruel murder, and has not learned 
what the \ iscera of a living man are like 

Despite the antiquity of the knowledge that inasions cannot be 
made in the thorax with the same impunitj as in the abdomen, our 
present knowledge of the processes involved are bj' no means com- 
plete, and m recent years even the idea that a thoracic opening is not 
so mnocuous as an abdominal one has been repeatedly challenged 
The problem, although a physiological one, has been given but scant 
attention by the physiolopsts To the dmiaan it is a matter of pnme 
importance to know’ m an exact manner what effects may anse from 
alterations m the intrapleural pressure, for some of the most common 
conditions are assoaated with some of these effects To the thoraac 
surgeon it is essential tliat he be familiar at least witli the grosser 
effects of a pneumothorax if he wishes to minimize his disasters 

‘ Lecture prcstnlcd before the Harvey Soeietv, New Yoit , rebruary 9, 1924 
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Under normal conditions each Iimg completely fills its corresponding 
pleural cavity except for the presence of a very small amount of fluid, 
there is, therefore, only a potential pleural space But at the same 
time that each lung completely fills its pleural space its elastic tissue is 
tending to contract and to pull the lung away from the chest wall It 
is therefore obvious that if the pressure between the lung and the chest 
wall be measured under ordmary conditions it will be found to be 
'‘negative,’' that is, it -ndll be less than that of the atmosphere The 
essential mechanical factor in inspiration is an enlargement of the 
thorax This has a tendency to pull the chest wall away from the 
lung with the result that the intrapleural pressure becomes more 
"negative,” that is, still less than that of the atmosphere It is 
obvious therefore that the intrapleural pressure just at the end of a 
deep mspiration is lower, that is more "negative,” than at any other 
time Conversely, at the end of an expiration it is higher than at 
any other time, that is it is less "negative ” Under ordmary normal 
conditions the intrapleural pressure does not become equal to or 
^ greater than the atmospheric pressure Negative pressure at some 
time dunng the act of inspiration is necessary in order that air should 
rush down the trachea to fill the lungs 

Bonders (2) was apparently the first to measure the intrapleural 
pressures in the human At the end of quiet expiration he found a 
pressure of — 7 5 mm Hg and at the end of mspiration — 9 mm Hg 
Aron (3), in a living normal man, found at the height of quiet in- 
spiration an average readmg of — 4 64 mm Hg and at the height 
of quiet expiration — 3 02 mm Hg It is natural to eiqiect that a 
normal variation in the intrapleural pressure will occur There is 
therefore no absolute normal pressure readmg for either inspiration or 
expiration The hterature on this subject is extensively reviewed m 
the exhaustive monograph of Emerson (4). 

Abnormal conditions which may disturb the mtrapleural pressures 
result from the presence of fluid, gas, or tumors in the pleural space 
Although all of these •wall exerase pressure on the lung each operates 
in a shghtly different manner In the case of fluid the greatest pres- 
sure will be exerted at the bottom of the pleural space, in accordance 
with the laws of hj-^drostatic pressure Gas, on the other hand, will 
exert an equal pressure in all parts of the pleural cavity, provided that 



ArrERATIONS OF INTRAPLEURAL PRESSURE 


419 


there are no adhesions to obhterate any of the space, and a tumor will 
exert its chief pressure wherever it happens to be located It is there- 
fore apparent that conclusions concerning the mcchamcs of the thorax 
wluch are based on observations made on the effects of fluid in the chest 
are not necessarily appbcable to a consideration of the effects of air 
m the pleural space The failure to recognize this fact has been re- 
sponsible for much of the confusion m the hterature on this subject 

To the surgeon the greatest interest is concerned with the effects of 
air in the pleural cavity because anyone who performs intrathoracic 
operations should be famihar wuth the effects which result from an 
opemng m the chest wall To the physiologist likewise, a study of the 
effects of a pneumothorax reveals important facts concerning botli 
respiration and the arculation Limitations of time will compel me 
to discuss chiefly in this paper the effects of a pneumothorax 

Until very recent times an acadental admission of air into the 
pleural cavitj through a free opening was generally regarded wath great 
dread because of the possibility of immediate death Probably no 
other cause contnbuted to such a degree to retard the de\ elopment of 
thoraac surgery as the fear of the consequences of making a free 
opemng into a pleural cavitj To most writers on this subject any 
opemng mto a pleural cavity which permitted the free entrance of 
air signified an immediate collapse and loss of function of the lung 
on that side, the size of the opening was considered to be a matter 
of little or no consequence Curiously confused with this idea was 
also the prevalent conception that, even in a normal chest, the medi- 
astinal structures constitute a more or less rigid partition between the 
two pleural cavities The literature on this subject is extensively 
reviewed in the articles bj' Emerson (5), Sauerbrucli (6) and L Mayer 
(7) Although the flapping of the mediastinal structures to and fro 
in a condition of open pncumotliorax was frequently' mentioned, there 
was but little realization of the extent to v.hich the lung of the un- 
opened pleura was handicapped 

A matter of great controversy at the present time, pirticularly 
among tlioracic surgeons, is the question of just how much the opposite 
lung IS affected when an opening is made in one pleural cavity Much 
of this controversy unfortunately is concerned v ith ojiimons and con- 
jectures rather than with actual pertinent data Rational expen- 
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mental investigation of pnemnothorax apparently began with Hewson 
(8) in 1767 who tried to produce it in am'mals by injury of the lung 
through the chest wall Cruveilhier (9) found in 1836 that both 
plemal cavities of the dog may be opened smiultaneously vuthout a 
fatal result. This contradicted the earher conception of Van Swieton 
that a bilateral open pneumothorax is necessarily fatal if the area of 
the combined openings is larger than that of the glottis Since then 
until the last decade experimental studies of the effects of pneumo- 
thorax have been relatively few and sporadic 
In 1918, R D Bell and the writer (10), while members of the United 
States Army Empyema Commission, undertook an experimental 
investigation of the mechanics of pneumothorax, particularly with 
reference to the question of the effects of open drainage in cases of 
empyema One of the methods of experimentation was the injection 
of air mto one pleural cavity until a pressure of 10 cm of water was 
obtained and observation of the resulting change of intrapleural pres- 
sure on the other side The experiments were first conducted on human 
cadavers immediately after death and on normal dogs killed with 
ether. No marked difference between them was observed, when the 
thorax was normal in the sense that there were no adhesions and no 
thickemng of the mediastinal structures Accordingly experiments 
earned out on the living dog seemed applicable to living man In 
the course of these experiments it was found that if an air pressure in 
one pleural cavity equal to that of 10 cm of water is obtained, the 
pressure in the other cavity will be nearly the same, diffenng by only 
2 or 3 cm It was concluded, therefore, that from the standpoint of 
pressure relationships, the thorax can be considered practically as one 
cavity and that any alteration of pressure in one pleural cavity will 
show a change in the opposite one of practically the same degree 
The sudden interruption of the work because of transfer to an over- 
seas unit prevented further experiments with the use of higher pres- 
sures It is only recently that a resumption of the work has shown 
that when higher pressures are used for experimentation there is a 
greater and greater difference between the pressures of the two sides 
in man and that therefore we were wrong in our former conclusion that 
any alteration of pressure m one pleural cavity wiU show a change in 
the opposite one of practically the same degree, although the previous 
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observations dealing with low pressures were correct The details 
of these more recent experimental results will be discussed below 

Other conclusions which we drew from our earher work were as 
follows 

1 Older conceptions are erroneous which imply that in pneumo- 
thorax only one lung is affected and that that lung is rendered function- 
less, regardless of the size of the opemng 

2 On the contrarj' both lungs are affected, and, when a small 
pneumothorax is present, they are both affected to nearly the same 
extent Moreover, a lung does not necessarily become funcUonless 
merely because there is a free communication between the pleural 
cavity of tliat side and the outside air If such were the case then a 
bilateral open pneumothorax would promptly result in death from 
asphyxia As a matter of fact, however, a bilateral open pneumo- 
thorax in an expenmental animal is well tolerated and is compatible 
with life for an mdefimte penod, provided that the bilateral openmgs 
are not too large I have found this fact to be true m both the dog 
and the rabbit 

3 A uralateral open pneumothorax will result in death if the opening 
be made suffiacntly large 

4 Tile really important matter is the amount of air which enters 
through the opemng at each inspiration and the abihty of the indi- 
vidual to compensate for the encroadiment on his respiratory surface 
which is caused by the pneumothorax Roughlj speaking this 
relationship becomes a question of the relation of the size of tlie 
opemng and the v alue of the vutal capaatv of the individual When 
the vital capaatv is high a larger opemng can be tolerated tlian when 
it is low , and no opemng at all of any appreaablc size can be with- 
stood if the vital capaatj is so low that it practically equals the tidal 
air In other words, even a very small openmg will result in a fatal 
asphyxia, if, before the opemng is made, the vital capaatv is so low 
that in spile of maxiraal inspiralorj' efforts only enough mr is inlialed 
to satisfj the tidal air requirements A matJicmatical expression was 
given to show how a calculation could be made of a maximum non 
fatal opening in a given case it the vital capaatj was known This 
expression w as based on the assumption that the pressures in the tw o 
pleural cavities in the normal dicst were alwavs nearlv equal even in 
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the presence of a unilateral open pneumothorax (11). It was stated, 
however, that the value could be only an approximation because of 
the variabihty of some of the factors involved 

5 Obviously, the conclusions mentioned above are concerned only 
with relationships as they exist in a normal thorax, that is one without 
adhesions or infla mm atory induration If sufflcient adhesions exist 
or if the mediastinal pleura has been made rigid by inflammatory 
induration, as for example in cases of chronic empyema, then the 
relationships discussed above no longer hold true, and no ill effects 
from pressure disturbances wiU result even if a very large opemng 
is made 

Both the experimental observations briefly summarized above and 
the conclusions dranm from them have been questioned b}’- several 
writers There is, for example, a frequently quoted statement in 
the literature that the dog differs radically from the human in that 
normally there is a communication between the two pleural cavities 
of the dog, while m the human there is no such communication This 
statement has been made by Matas (12), Duval (13), Yates (14) 
and others More recently Sn3’^der (15) has claimed that it is im- 
possible to produce a unilateral pneumothorax in the dog because of 
the alleged communication between the two pleural cavities I have 
examined 25 dogs with the particular purpose of finding out whether 
there are any anatomical openings m the mediastmal pleura and have 
never found any It is interesting also that very recently Duval 

(16) and Matas (12) have retracted their former opimons about the 
presence of a normal commumcation between the two pleural ca^4tles 
of the dog Snyder (15) has stated that in the dog it is impossible to 
create a unilateral pneumothorax because the air passes at once from 
one pleural cavity through the mediastinum to the other one with 
the result that the pneumothorax is bilateral He shows also that 
fluids pass readil)'- from one side to the other, and he quotes Garland 

(17) and Calvert (18) as having previously called attention to this 
fact Both Duval (16) and Matas (12), although now admitting the 
absence of any anatomical commumcation between the two pleural 
cawties in the dog, nevertheless maintain that in this animal the 
mediastinal septum is so thm and tenuous in comparison with that of 
the man that experimental observations of pleural pressures made in 
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the dog are not apphcable to the human thorax In our origmal 
article in 1918 we had concluded that tliey i\ere applicable m all 
particulars In reply to this phase of the controversy I wish to state 
that I have repeatedly produced a unilateral pneumothorax in the 
dog with marked deflection of the heart and mediastinal structures 
into the opposite pleural cavity and I have published tlie confirmatory 
x-ray reproductions (19) A reopemng of the study, however, has 
convinced me that m many dogs the pneumotliorax does soon become 
bilateral and that there is a considerable difference between even 
apparenUy normal dogs m the amount of resistance to pressure offered 
by the mediastinum In some dogs simultaneous readmgs of the 
pressmes in the two pleural cavities after the injection of air into 
one give results very similar to those in tlie human, but in otliers the 
results are such as would be expected in a bilateral pneumothorax 
Even if one concludes that the dog may not be an animal entirely 
smted for the experimental study of umlakral pneumotliorax, it 
would seem nevertheless that this animal would be sm table for tlie 
study of the phenomena associated witli bilateral pneumotliorax and 
that the results obtained in sucli a study would be apphcable to a 
consideration of bilateral pneumothorax in the human Even if one 
admits that tlie mediastinal septum in the dog is more easily stretched, 
more easily torn and more easily penetrated by gases and fluids 
than IS the human, it is nevertheless perhaps not out of place to 
call attention to certain irregulanties in the methods of expen- 
mentation If one wishes to measure the pressure in the opposite 
pleural cavity after injecting air mto one, it is necessary to pemut the 
entrance of a little air into the opposite cavity in order to have a 
cushion of air around the cannula wluch will permit a reading If this 
is not done, the lung will usually force itself against the end of tlie can- 
nula and prevent any oscillation of air within the cannula and tube 
One starts therefore w'lth some degree of bilateral pneumothorax 
wluch probably results in tlie retraction of the lung away from the 
mediastinal pleura Tlie final result is tliat if the lung is retracted 
away sufiiaently the mediastinal septum will be hung in space at its 
edges without the buttressing support of the lung against it It is 
obvious then tliat a tliin mediastinal partition will be ruptured more 
easily under such arcumstances than under the conditions wliicli are 
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presented in the case, for example, of a surgical unilateral pneu- 
mothorax. For in the latter the only air which can be present in the 
opposite pleural cavity will be that which may have diffused through 
the mediastinum, moreover the mediastmum will be everywhere 
supported by being buttressed against the opposite lung What we 
are really desirous of loiowing, therefore, is not merely what the 
resistance of the mediastinal partition is but also how much is the 
other lung compressed by a force transmitted through the mediasti- 
num Nearly all of the experimental observations that have been 
published are really concerned only with the question of the resistance 
of the mediastinum 

Even the admission on my part that experimental observations on 
unilateral pneumothorax in the dog may not be applicable to man 
in their entirety does not in any way annul the chief conclusions to 
be drawn from our earher work, although these have been severely 
criticized by Duval (13) He states, for example, that the size of the 
pleural opening is not a matter of great importance as regards the 
possibility of causmg death He is a strong advocate of a very large 
incision for the expressed purpose of making a total unilateral collapse 
of the lung to p'?rmit no respiration at all on that side and no ‘Venti- 
lation” of the^ pleura He desires to make that lung completely 
airless He states that this procedure also prevents the circulation 
of “pendelluft,” a term used by Brauer to indicate the theoretical 
transfer of air from the unaffected lung into the partly compressed 
lung at expiration and the rebreathing of this air into the uncompressed 
lung on inspiration Brauer’s idea was of course that this phenomenon 
was an important factor in the production of asphyxia because this 
air would have its oxygen dimimshed besides containing an excess of 
CO 2 and would also prevent the inspiration of that much fresh air 
Duval claims that the thorax of the bovine class of animals resembles 
that of the human and that an animal of this class should be used for 
experiments instead of the dog He states that an experiment which 
he performed on a calf lends support to his ideas He considers that 
in order to make a very large opening safe all that is necessary to do 
is to immobilize the corresponding side of the chest and diaphragm 
by means of a powerful automatic retractor and to express from the 
lung Its residual air To accomplish this he dehvers the lung out of the 
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wound He also recommends enveloping and progressively com- 
pressing the lung with warm gauze compresses He regards the 
“ventilation” of the pleura as the most senous and harmful factor 
resulting from an open pneumothorax By this he means presumably 
the passage of air m and out of the pleural caxuty In his criticism 
of our work he makes no reference at all to the importance of tlie 
vital capaaty of the patient, a pomt which we strongly emphasized 
I (20) have already replied to Duval’s criticisms in a separate article, 
but I shall discuss some of his points and conclusions here 

It IS rather generally admitted that a umlatcral open pneumothorax 
may sometimes have disastrous results Duval’s conclusions differ 
diametrically from nune as to the reason for these disasters He 
considers them as being due to the fact that the opemng is not large 
enough, whereas on the contrary, the evidence seems to me to point 
to the fact that they anse because m a given case the opening has 
been too large From the pracbcal standpoint of surgical methods 
It is of the utmost importance to settle tins question definitely For 
that reason it will be well to analyze with some care the effects of a 
pneumothorax in order to gam a dearer insight into this important 
question 

Ihe majority, if not all, of investigators who have used animals for 
the expenmen tal study of pneumothorax have observed a diange m 
the character of the respirations after the creation of an open pneumo- 
thorax Likewise most surgeons of wade cxpencncc in thoraac 
work whose observations have been carefully made have noticed a 
a change m the character of the respirations in the human in the 
presence of an open pneumotliorax Usually the first alteration is 
an increase in the depth of inspiration (an increase in amplitude), 
followed later by an increase in the rate In an earlier paragraph 
I have already pointed out that the act of getting air into the lungs 
consists chiefly of enlarging tlie thorax, a procedure which necessarily 
reduces the intrapleural pressure (makes it more negative and thus 
causes air to rush down the tradica to inflate the lungs) We should 
expect similarly that whenever a sudden interference with tlie intra- 
pleural pressure occurs wluch would moke it equal to tliai of the 
atmosphere, tlie natural compensatory mechanism to offset this 
would be an attempt to create again a negative intrapleural pressure 



426 


EVARTS A GRAHAM 


order to get air into the lungs The simplest way to accomplish 
this is to enlarge the thorax still more in an effort to reduce its interior 
pressure This is just what happens then as an automatic effort to 
counteract the sudden increase in the pleural pressure This reveals 
itself in an increase in the depth or amphtude of the respiration For 
purposes of simplicity we can compare m this respect the lungs and 
pleural cavities with any object containing a gas, as for example, a 
toy balloon If the balloon should suddenly be doubled in size, or 
if the gas were suddenly transferred to a balloon of twice the size of 
the original one, the pressure of the contained gas would be only one- 
half of what it had been originally In a structure lilce the thorax 
which is constantly changing its size, an opening commumcating with 
the outside air does not necessarily imply that the pressure within is 
alwmys equal to tliat of the atmosphere, especially if the opening is 
a small one This has been a common source of confusion Dunng 
inspiration the mtrapleural pressure is usually negative and during 
expiration it is positive, if the opening is not too large 
Haldane and Poulton (21) have shown that if an individual is 
placed in an atmosphere containing 4 to 5 per cent of CO 2 his respira- 
tion mcreases m depth and httle by little increases in rapidity On 
the other hand, if the amoimt of inspired oxygen is suddenly reduced 
below 14 per cent there is also at first an increase of amplitude of 
respiratory movements which they think is to be attributed to the 
fact that the anoxemia, by lowering the threshold of the respiratory 
center for CO 2 provokes the expulsion of CO 2 from the body. At 
the same tune the rate is accelerated as the result of the anoxemia 
Finally the respiration becomes penodic If one continues to reduce 
the percentage of oxygen in the inspired air to 10 per cent the respira- 
tion becomes superficial and finally death occurs Haldane, Meakins 
and Priestley (22) more recently have shown that if, instead of lower- 
ing the partial pressure of oxygen in the inspired air, one leaves the 
air at its normal composition but diminishes the amount of air entering 
the lungs sufficiently to produce a superficial respiration, the respira- 
tion soon becomes periodic Penodic respiration is known always to 
be due to lack of oxygen The anoxemia therefore induces superficial 
respiration which itself mamtains the state of anoxemia. A serious 
vicious circle is therefore estabhshed 
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Now Duval states that m a unilateral open pneumotliorax dyspnea 
exists as long as the corresponding lung respires partiallj’' and “danses” 
a httle in the thorax, that is, as long as the external air strongh 
ventilates the pleura, but tliat as soon as that lung is put into condition 
of complete collapse the d 3 'spnea disappears I ha\ c not been able to 
confirm this obsen’ation although, m accordance mth Duval’s recom- 
mendation, I used a calf for experiment Moreover Dautrebande and 
Spehl (23) fail to agree with Duval m spite of tlie fact that they used 
rabbits, animals which hke the bovune group, Duval recommends for 
experimental use because of their smulanty to the human In fact, m 
direct contradiction to Duval’s claims I found that a calf dies if a 
large unilateral openmg is made in the chest It is difficult to under- 
stand how there could be anj' disagreement on a pomt so easj' to 
demonstrate expenmen tallj' When a large openmg is made, how- 
ever, the respirations soon become much more superfiaal, a fact 
which perhaps Duval has interpreted as a reduction in the dyspnea 
But this IS not to be regarded as a favorable sign On the contraiy, 
as Dautrebande and Spehl have shown m their excellent article, it 
should be looked upon as a danger signal because it indicates an 
anoxemia This conclusion would agree very well with the work of 
Haldane and lus pupds to w hich reference is made above Accord- 
mgly Dautrebande and Spehl state that they regard Duval’s con- 
clusions as erroneous 

As has been mentioned above, Duval regards a large opemng in the 
chest as less dangerous than a small one My own opmion, however, 
based on many expenmentnl and clmical observations is that, other 
things being equal, the larger the opemng the greater the danger to 
life The reasons for this conclusion are miny In the first place, 
It has been a frequent observation that animals will endure a bilateral 
open pneumothorax almost indefinitely if the opemngs m each side 
of the chest are not too large In the cisc of dogs and cats of ordinaiy 
siac, for example, if a small trocar is inserted into each pleural cavat> 
the animal wall go on for hours watli often no CMdencc of an> dis- 
turbance except for an increase m the amplitude of the respiratory 
movements, and tins disturbance will promptlj disappear after Ihfc 
withdrawal of the trocars If, however, too large openings are made 
the animal will scon die viith the picture o, isphv’xia It seems 
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me that this simple experiment permits several important conclusior 
It shows first of all ^at a lung does not become functionless mere 
because outside air is allowed free entrance to the pleural cavit 
It shows also very clearly that the important consideration is the sr 
of the openings Other subsidiary factors in the production of deat 
to which great importance has been attached by some, such as ^‘pende 
luft” and the fluttering of the mediastinum, are ruled out in a ca> 
of bilateral open pneumothorax, induced by openings of the same sizi 
which has proved fatal; for in such a case, since the pressures ai 
equal in both pleural cavities at all times, there will be no to and fr 
motion of the mediastinum and also no chance for the occurrence c 
“pendelluft,” and yet the animal dies Now when we come to con 
sider the question of a unilateral open pneumothorax we find tha 
practically the same phenomena occur The principles mvolved ar 
substantially the same as are involved in a bilateral opening becausi 
the effects of a unilateral opening are not confined to only one lun^ 
bat concern both lungs The details, however, are slightly different 
because, as has been said above, the pressures in the two pleura 
cavities during a unilateral open pneumothorax are not quite the same 
and because there is some to and fro movement of the mediastinum^ 
etc Nevertheless, in view of ivhat we have just said about a bilateral 
open pneumothorax, it seems reasonable to suppose that with a 
unilateral opening such questions as the fluttering of the mediastinum 
and the action of ^‘pendelluft” are of less importance than the direct 
effects on the lungs caused by the altered pressures This brmgs us 
back again to the importance of the size of the opemng - 

* In a recent article Lundsgaard and Van Slyke (24) invoke an idea similar to that of 
Brauer’s “pendelluft” as an explanation of cyanosis in unilateral open pneumothorax 
They quote experiments by SacLur (26) who, after producmg a supposed collapse of one 
lung m rabbits and in a dog by unilateral open pneumothorax, found a dmiinished con- 
tent of oxygen in the arterial blood On the basis of these experiments they conclude that 
cyanosis in acute unilateral open pneumothorax is produced “in the same manner as when 
the air passages to one lung are blocked, viz , by blood flow through unaerated lung space 
In considermg the pressure effects of open pneumothorax as if only one lung were con- 
cerned, they show that they are unaware of the fact that these effects mvolve both Jungs 
This leads then to the assumption that the frequent absence of cyanosis m spontaneous 
pneumothorax in tuberculosis is due perhaps to extensive thrombosis of the vesscB m 
lung on the mvolved side, a condition which they mfer would prevent cyanosis becau 
a relaUvely small amount of blood would pass through that lung It seems to me just 
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The usual attempt to compensate for the increased pleural pressure 
js to take a deeper inspiration, as has been discussed above Theo- 
reticallj all that is necessary to do to prevent a fatal asphjnna is to 
get enough air into the lungs to satisfy the Udal air requirements 
This can be accomplished of course in spite of an open pneumothorax 
provided that too much air does not enter the pleural canty with each 
inspiration If so much air enters the pleural cantj’ through the 
open pneumothorax uound that pulmonary inflation is suffiaentlv 
compromised to prevent the possibility of inhaling enough air into 
the lungs to maintain life, then of course a fatal asphyxia will occur 
Fortunately here, as in other respects, nature has made provision for a 
generous reserve The tidal air requirements ordinanly constitute 
only about one eightli to onc-tvvclfth of the total amount of air which 
can be inhaled if a maximal effort is made This latter amount of air 
represents vvhat is knorni as the vital capacity It is apparent there- 
fore that a very considerable amount of lung tissue can be made 
funcUonlcss and >et permit the indivndual to take in enough air to 
maintain life by increasing his respiratory movements This then 
would seem to be the explanation of the well-estabhshed fact that 
life is compatible, in a vigorous adult, with a relativel> large unilateral 
opemng and even with bilateral opemngs whose combined areas 
greatly exceed the area of the opened glottis A common error in the 
older literature on pneumothorax was that a lung becomes collapsed 
and functionicss if a pleural opening as great or greater than the 
diameter of the glottis is made A person who cannot make so great 
a respiratory effort cannot resist so large a pleural opening as the one 
who can make a great inspiration, likewise it becomes apparent that 
the same individual, if he has any senous impediment to Ins respira- 
tion, wall die from a pleural ojiemng which would not be fatal if the 
impediment were absent In other words, therefore, the vital ca- 
pacity of the individual is of great importance in determining the sire 

logical to assume that the cvi’lanation of the ahscnce of C)-anosi5 in such a case lies in the 
fact that hecause of the presence of adhesions and fixation of the iflcdiastinura there arc 
no serious pressure cffccLs on tlie opposite lung and that therefore actuallj a less amount 
of lung tissue is iniolscd than if no adhesions were present, to saj nothing of the altered 
rtlatiooships of tlie heart and large sessclse hen a pneumothorax is induced in the ahscnce 
of adhesions 
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of a pleural opening which is compatible with life One who has a 
large vital capacity can withstand a larger pleur^ opening than one 
whose vital capacity is low By considermg what conditions lower 
the vital capacity we can understand readily that a large pleural 
opemng is likely to be fatal in an individual whose respiratory muscles 
are weak, who has an uncompensated heart, who has an extensive 
pneumonia, a pulmonary edema, an acidosis, a deep general anesthesia, 
etc Indeed, if he is so dyspneic that he just succeeds in maintaining 
life in spite of maximal respiratory effort, in other words if his vital 
capaaty practically equals his tidal air requirements, he may succumb 
to the effects of even a very small pleural opening 
In some previous publications I (26, 27) have called attention to 
the fact that on purely theoretical grounds, even if an alteration of 
pressure in one pleural cavity mduced a change m the other of the 
same degree it can be calculated that a pleural opemng can be with- 
stood of such a size that it would have seemed impossible before the 
war expenence For example, on the basis of our calculation, a man 
with a high vital capacity (7180 cc ) could support life with a unilateral 
opemng as large as 15 6 square inches, or 101 square centimeters 
These calculations, however, are not stnctly accurate but are only 
approximations because of the variabihty of several of the factors 
As a matter of fact, smce the pressures in the two pleural cavities are 
not equal when there is a great mcrease m one, it is seen that in some 
individuals "with high vital capacities a unilateral opemng considerably 
larger than 101 square centimeters may be compatible with life It 
really is of httle importance to know exactly in any given case how 
large an opemng can be made The important thing to realize is that 
those w^hose vital capacities are low, especially those who are already 
dyspneic, may die as a result of even a small opening unless measures 
are taken to prevent senous consequences 

The most important aid mmmimizing the harmful effects of an open 
pneumothorax is to close the opemng Closure of the opening leads 
to an almost instantaneous improvement in the respiration The 
explanation of the relative innocuousness of a closed as compared mth 
an open pneumothorax is apparently as follows When an opening is 
closed, particularly if it is closed at the end of expiration, there is not 
enough air remaimngm the pleural cavity to encroach on the breathing 
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surface of the lungs suffiaently to prevent die establislunent of a nega- 
tive intrapleural pressure by a shght increase m the depth of inspira- 
tion There is no longer an active competition between the passage 
of air down the trachea on the one hand and the entrance to air into 
the pleural cavity on the other hand The impossibility of getting 
the requisite amount of tidal air into the lungs docs therefore not 
occur Experimentally, however, a closed pncumotliorax can be 
made to cause a fatal asphyaa if enough air is injected into the pleural 
cavity Here again the process seems to consist fundamentally of 
increasing the intrapleural pressure to sucli an extent tliat it becomes 
impossible to create a negabve pressure m spite of maximum respira- 
tor}’- efforts, the necessary amount of tidal air cannot be obtained, 
with the inevitable result that asphyxia occurs Again, moreover, if 
the vital capaaty is low, it is easier to produce death with a closed 
pneumothorax for reasons which have been made sufficiently clear in 
the discussion given above Doubtless some of the catastrophes 
which have occurred in the production of artiliaal pneumothorax 
for therapeutic purposes are explainable on the fact that patients with 
low vital capacities and without adhesions have been given too much 
air An amount of air which might be well tolerated by a patient 
with a high vital capaaty might be fatal in one whose vital cajiaaty 
IS low The prompt withdrawal of air in an alarming case will 
usually improve the d>spnea and prev ent death It is an interesting 
fact that Duval and otlicrs who have cntiazcd our theorj of the action 
of pneumothorax recommend strongly the use of measures which tend 
to reduce the size of the opemng when pcrformmg operations on tlic 
chest Thc} therefore unconsaousl} support our theory while at 
the same time thc} attack it For example, tlie> frequently deliver 
the lung out of the incision, they also pad in gauze compresses They 
lose sight of the fact that the size of the inasion and thc size of the 
opening arc not s}non}Tnous when anything is in tfie ina'ion, no 
matter whetlicr it is a delivered lung, a gauze compress, the surgeon’s 
hand instruments or what not. A hole that is eitlicr partlv or com 
plctclv plugged obvaousl} cannot be as large as if it contained nothing 
Other aids in combating the Bsph}wial effects of an ojitn pneumothorax 
are the idmimstration of either oxygen or carbon dioxide as rr com- 
mended In Dautrebande and Spehl to break up the vaeious «rc!e 
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which occurs when the anoxemia appears Oxygen will supply 
directly the thing that is most needed, but the administration of carbon 
dioxide will accomplish the same purpose indirectly by stimulating 
deeper inspirations and thereby the taking m of more air 
Smce the explanation of the action of pneumothorax which I have 
summarized here has not met with universal acceptance, it will be 
worth while to see how well it harmom'zes with the chnical facts which 
were brought out particularly during the war. One fact which per- 
haps stood out above all others in relation to war wounds of the chest 
was the unanimous agreement that it was important to close sucking 
(open) wounds promptly. The high mortahty attending open wounds 
was attributed by some to the increased nsk of infection This was 
undeniably an important factor, but yet, according to Duval (28), 
50 per cent of all fatal lung wounds died within the first day It seems 
improbable that a severe enough infection could have manifested 
itself so soon as to be responsible for so high a mortality and likewise 
it is doubtful if hemorrhage could have caused most of the deaths Is 
it not more probable that many, if not most of these, deaths occurred 
as a result of the pressure disturbances incidental to an open pneumo- 
thorax? This point is discussed at more length in our original article 
published m 1918 Again the fact that hvmg men w'ere often seen with 
wounds of the chest wall which were so large that they would have 
seemed before the war to be incompatible with life does not seem 
strange in the light of the theoretical discussion presented above 
Finally also, in the case of acute empyema, it would seem to me that 
nothing more clearly substantiates the truth of the principles here set 
forth than the remarkable reduction in the mortahty which followed 
the abandonment of the practice of early open drainage m the acute 
pneumonic stage of the disease The eiqilanation of the remarkable 
decrease in mortality accomphshed by the postponement of open 
drainage seems easy in the hght of the discussion given above During 
the stage when pneumonia is present tlie vital capacity is low (11) 
In some cases it was actually so low that in spite of maximal respira- 
tory efforts it was di&cvdt for the patient to take in enough air to 
maintain life Moreover, at this time there was usually no wallmg 
off of pus m the pleural cavity An open drainage, therefore, at this 
stage of the disease carried with it all the dangers of an open pneu- 
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niothorax at a time ^\htn, in nian\ ciita, the \ital capaatj was "lo 
low that an opening of ana wzc would have been fatal Later how- 
cv'er, after the pneumonia had cleared uji, not onlv had tlie vital 
capacity increased but also usualh the pus had become more or less 
tircumscribed bv' adhesions so that a drainage opening difl not ere ite 
i free pneumothorax These remarks hold true espeaallv for the tv-pc 
ol pneumonia and empjema due to the hemolvtic streptococcus 
I behev e the principle of av oiding an open drainage during the stage ot 
acute pneumonia is now umversallv accepted m this countrv *\t 
Camp Lee we saw the mortahtj drop from more than 40 per cent to 
less than 5 per cent bv carrving out this principle Stone (28) at 
Fort Rilej', showed i correspondinglv marked reduction in the inortal- 
itv' after the eirly open drainage during the pneumonic stage was 
abandoned Ihe tabulation of his results is as follows 

/ first senes Larlj operation (October 20 1917, to Januarj 21, 
1918) SS cases, mort ihtv , 61 2 per cent 
2 Second sene'! LvrK ispirations and late operation (Januarj 12 
to August 10, 1918) 96 cases, mortahtv ,15 6 per cent 

1 r/iinf senei Liih aspirations and later operation (October 
18 1918, to Februirv 14, 1919) 94 ciscs, mortahtj', 9 5 per cent 
VttheSt Louis Children’s Hospital since September 1919wchave 
treated <>0 cases of acute empjema bv a ])l in of repeated aspirations 
during the pneumonic stage to be followed bj free drainage when 
nccessarv In this series there have been 1 1 deaths, but in 10 of these 
there were senous complieatioiis siieh is suppurative mastoiditis or 
meningitis etc Hus mortihtv of 12 jier cent compares verv favor- 
ablj with that of 54 per cent given bv Holt (29) in a series of 126 cases 
in children reported betore the war Ihe eminem i records of the St 
I ouis Children's Hospit d before the w ir are not av ulablc 

1 here are also now i considerable number of investigators who li ive 
eirried out exTieriments siiiee the pubheation of our pijier in 1918 
whose results in the m iin agree with ours I or example, 'stivelman, 
Hcnnell and Oolembe (30) st Ue tb it 'Graham and Hell touched the 
heart of the subject In llie jireseiice of a flexible medias- 

tinum, the intratlioracic equilibrium inpneumotlior ex i= v'crv delicntclj 
adjusted and anv disturbance in the intrithoriac pressure on the 
treateal side will have i proportion ite elTect on the inlr itlior leic pres 
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sure on the untreated side ” Lenhart (31)^ in experiments on rabbits, 
found that umlateral open pneumothorax causes an intense dyspnea, 
provided the anesthesia is not too deep, and death, if unreheved by 
closure of tlie thoracic opemng The volume of air respired per min- 
ute is decreased despite the increased respiratory eflort, the excretion 
of carbon dioxide is impaired, often to a great degree, the respiratory 
quotient is constantly reduced, there is an increase in the total carbon 
dioxide content of the blood, and at the same time an increase in the 
hydrogen ion concentration Finally he states that his opinion con- 
cerning the alteration of pleural pressures on both sides as a result of 
a unilateral open pneumothorax is in agreement with ours Simon 
(32) has also come to practically the same conclusion as a result of his 
experiments 

In the discussion here of the effects of pneumothorax I have dealt 
particularly ivith the effects on respiration But there are also other 
effects, for example, on the circulation Sauerbruch summarized these 
as follows “In pneumothorax the aspiration of the heart fails, a 
stasis results in the venous system Measurements of the venous 
pressure in the femoral vein give in fact an increase of the pressure ” 
As a result of asphyxia there is of course a rise m the arterial blood 
pressure, this is a general result of asphyxia and has no particular 
relationship to the question of asphyxia produced by pneumothorax 
Yates has called attention to the importance of the pulmonary circu- 
lation in the inflation of the lung He states that 

Wherever intrapulmonary pressure exceeds intravascular tension a 
proportion of the blood destined under normal conditions to reach the 
compressed lung area is immediately diverted to adjacent channels offering 
less resistance The capillary network that surrounds the air cells spreads, 
as its component vascular tubules are thus elongated by overfilling If 
air passages are free and lung tissue is elastic, tlie result is increased inflation 
in tlie portion of lung to which extra blood has been delivered, a com- 
pensatory physiologic emphysema On the contrary a temporary stoppage 
of puhnonarj'- circulation produces atalectasis, permanent stoppage causes 
atrophy m the lung affected In short, the pulmonary circulation is the 
most important factor influencing pulmonary inflation, and fluctuation in 
pulmonary mflations is accompanied by variations m the resistance to 
blood flow in the pulmonary circulation 
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'1 hcsc arc important considerations They are, hon ever, secondar} 
results of the alteration of pressure produced bj the pneumothoraj. 
Moreover, so far as the atalectasis resulting from a tcmporarj stop- 
page of circulation is concerned, time is neccssarv for its accomplish- 
ment The instantaneous effects on respiration which follow the 
creation of an open pneumothoraa and the instantaneous impro\ ement 
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m the (hspiica which follows tlic closure of the opening must be 
explainable on the basis of the immediate pressure effects uxerted on 
the lung parcnchxTii iritlier than on the more slow h developing effects 
of disturbances of the lung circulation 1 he ide is of Yates, hoi.ev er, 
ire of great interest in eonncclion with the mechanism of the ]>roduc 
tion of eompcnsatorj emphvsemi He himself tries to explain Sko- 
daic resonance on the b isis of an mere ised blood supple ind therefore 
ibhcreisons in mere ise in the si/c of the ale cob in tin part of the 
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lung which shows the hyperresonance When this idea is put to the 
test of experiment, however, it is found that distention of the capil- 
laries induces a diminution rather than an increase m the size of the 
alveoli Expenments weie carried out by H J Davis and myself 



Fig 2 Section or Another Lobe or S\he Lung ArrcR Injection of the Corre- 
sponding Branch of the Pulmonary Artery mith Physiological Saline 

SOI LTION 

Immediately after the injection the lobe was fixed in 10 per cent formalin The 
alveoli are contracted instead of being distended, as compared with the normal control 
in figure 1 

(33) on a series of dog’s lung Immediately after death from ether the 
chest was opened and the lower lobe of each lung was removed One 
of the principal blood vessels to the lobe was then injected with physio- 
logical sodium chloride solution, in some cases an artery and in other 
cases a vein A tight ligature was then placed around the hilus of 
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the lobe, including both the \ essels and the bronchus and the lobe v. as 
quickly immersed in 10 per cent formalin In e\ery instance the 
al\eoh of the lobe re hose capillaries were distended iiere much smaller 
than those of the other lung This was found true not only for nomnl 
lungs but also for those with pneumonia It seems probable therefore 
that Skoda’s resonance in pneumonia cannot be exjrlamed on the basis 
of an increased blood supply to the part The accompanj ing illustra 
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tions (figs 1 to 4) show that the size of the aKeoh is diminished is a 
result of the distention of the capillaries ConeerseK it might be 
expected that when the aUeoh aregreath distended the capillaries are 
diminished in size 1 h it this result actuallv happens has been show n 
bj the interesting work of Chilhngworth and Hopkins (3 1) who studied 
the question by planng dogs in a specialK de\ised bod\ plethvsmo 
graph which included the entire dog with a traclieal ennnula proje'ct- 
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mg outside These investigators found that when the lungs are 
artificially distended by diminishing the plethysmographic pressure 
vanous results may occur as follows (1) With slight distention there is 
a shght rise in the carotid blood pressure due to the freer passage of 
blood to the left heart (2) With moderate distention a fall in caro- 



Fig 4 Another Lobe oe Same Lung aeter Injection of the Corresponding Branch 
OF THE Pulmonary Artery whth Physiological Saline Solution 

The method used as the same as described under Fig 2 The alveoli also of a pneu- 
monic lung are reduced in size when the capillaries are filled 

tid pressure occurs (3) With fuU distention the carotid pressure 
falls approximately to zero (4) With overdistention, causing emphy- 
sema and pneumothorax, there is less of a fall of carotid pressure than 
that produced by less distention (5) The fall in the carotid blood 
pressure caused by moderately dimimshed plethysmographic pres- 
sure is due to failure in the supply of blood to the left heart, a failure 



ALTrRATIONS OF INTRAPLEURAL PRESSURE 


439 


which IS due to pressure exerted almost directlj upon the small pul- 
monary vessels 

Other effects of an open pneumothorax are marked loss of heat and 
the great danger of infection Sauerbruch found that in unanesthe- 
tized rabbits in vliich he had established an open pneumothorax at a 
room temperature of from 20° to 22°C tlie body temperature some- 
times dropped as much as 3 5°C within fortj-fi\c minutes In dogs, 
also unanesthetized, within a half-hour he obsen'ed the body tempera- 
ture fall 2°C after making a pleural opening and rise again 1 6°C 
within an hour after closing the opening He also made the xerj' 
striking obsen'ation that the heat loss in open pneumotliorax is greater 
than in an extensive laparotomy with eventration of the intestine for 
the same lengtli of time For example, a dog’s temperature fell onl\ 
1°C after having his intestine lying out of his abdomen for forty -fi\e 
minutes, and a rabbit subjected to the same experiment showed a 
heat loss of only' 1 3°C after forty -five minutes 

The danger of a general infection of tlic pleura m open pneumo 
thorax is a cry great and is much greater than is the danger of a general 
infection of the peritoneum in the case of an open wound of tlio abdo- 
men There are probably' two reasons for this fact, one is that with 
the suction of air through the pleural opening large numbers of bacteria 
are drawn in, and the other is that, with the lung retracted away from 
the chest wall, there is not the same possibilits of scaling the opening 
as IS the case in the abdomen by the action of the omentum and the 
a iscera 

With reference to this discussion on the effects of pneumothorax the 
question naturally arises. Is positive pressure ncecssary in the perform 
ance of intrathoracic surgical operations’ In cases without adhesions 
or w ithout indur ition of the mediastinum it w ill be possible to make a 
large pleural inasion m an indixidual whose vital capacity is high, 
particularly if tliosc measures are applied which ha\c .ilready been 
discussed, namely, the delis cry of the lung out of the incision, the 
inseition of gau/c packs into the ssound, etc , in other word- the use 
of any jilan sshich minimizes the size of the actual ojicmng On the 
other hand, in patients with low sital capacities and without adhesions 
the use of a large pleural inasion inxitcs disaster unless the means arc 
at hand to institute some degree of posilise jirc-suro In any case, it 




Fig 5 Spontaneous Biu\terai Pneotiotiioe/VX in a Dog Killed mith Ether 

Picture made twelve hours after death 
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seems to me, an intrathoracic operation should not be undertaken 
unless one is prepared to ad m i n ister positive pressure No cumber- 
some apparatus is necessary for this An ordinary mtrous-oxide 
machine with a tightly fitting face piece, as suggested m 1910 by 
Bunnell (35) , is all that is necessary Such a device has the additional 
advantage that not only can positive pressure be applied but that also 
oxygen can readily be supplied quickly in case of the development of a 
serious anoxemia In any case, relative speed in operating is highly 
desirable Not only does a quick operation dimimsh the chance of a 
serious anoxemia but it also minimizes the loss of heat through the 
incision, a point which is very important m thoracic work 

It IS now well known that the air in a closed pneumothorax disap- 
pears completely within a few iveeks and sometimes within a few daj^s 
The early pioneers in the therapeutic use of artificial pneumothorax, 
as for example Forlanmi, thought it would be advisable to use nitrogen 
because supposedly it would disappear less rapidly Later work, 
however, showed that, owing probably to the diffusion of gas from the 
lung into the pleural camty and vice versa, the gas in a pneumothorax, 
even if pure nitrogen originally, soon came to have the composition of 
alveolar air For that reason it is now customary to use air for arti- 
ficial pneumothorax rather than nitrogen because of its greater con- 
venience This transfer of gases back and forth between the lung and 
the pleura is analogous to a process of respiration outside of the lung 
It resembles therefore somewhat the respiration in the alimentary 
canal which was studied by Woodyatt and myself (36) m 1912 
Despite the interest attached to the phenomenon of the transfer of 
gases from the lung mto the pleural cavity and its reverse, it has never 
received the attention which it deserv’^es The diffusion of gas into 
the pleural cavity is so rapid after death that, at least in the case of 
the dog, an easily demonstrable bilateral pneumothorax may be seen 
m x-ray plates taken one hour after death In one instance, from 
one pleural ca^dty of a 10 kilo dog 32 cc of gas were obtained twenty- 
four hours after death, an analysis of which by Dr P A Shaffer 
showed 17 5 per cent of COo (figs 5 and 6) 

Another interesting problem dealing with alterations of the intra- 
pleural pressure concerns the question of the formation of pleural 
exnidates The rapidity with which fluid accumulates in cases of 



ALTERATIONS 01 INTK\WFUR\L RKTSSURr 44 

infection of the pleura mth the hemolvtic streptococcus ind the fnct 
that cl\spnea is often a prominent feature ol strcptococc il pncumonn 
suggested the idea that fluid might actualh be sucked out of a i er\ 
edematous pleura by the negatiie pressure dunng the forced inspira- 
tions In this type of pneumonia, as is iiell known, the d^-^jinc,! is 
often so marked that maximal inspiratorj efforts arc rctiuired in order 
to take in enough air to maintain life, due largeK to an actual obstruc- 
tion of the air passages with the products of inllaiiiiiiation I he con- 
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ditions therefore are ideal for the produetion of i \erv low or a 
markedh negatnc pressure m the iileural canty It would seem 
reasonable to cxjiect that under such conditions fluid might be suel ed 
out of a “wet” pleura in a manner analogous to the aspiration of fluid 
out of an\ \er\ edematous tissue b\ means of an ispiritiiig s\ riiige 
With these ideas in mind tlie problem was put to an exjii nmental te-.t 
(37) An artifiaal thorax (fig 7) was constructed In means of i bell- 
jar and a pair of lungs \\ hen the air in the bell jar around the lung- 
was aspirated, the lungs would inflate in a manner similar to an 
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ordinary inspiration When edematous lungs were used, either those 
from a case of pneumonia in the human being, or dog’s lungs made 
edematous by pouring into the trachea water containing a little 
acetic acid, pleural exudate could be seen to pour from the lung sur- 
face with each imitated act of respiration Contrary to the expecta- 
tion, however, the fluid poured out more rapidly during the act of 
expiration than during inspiration The explanation seemed to be 
that during inspiration the pleura became saturated, and then with 
the sudden decrease of surface produced by the act of expiration, 
the fluid was literally squeezed out So far as I hnow, this is the only 
attempt that has been made to study the actual mechanism of the 
production of pleural exudates The problem needs more study 
As was stated above on page 420 a resumption of the study in the 
human of the elfects produced in the opposite pleural cavity by injec- 
tions of air into one showed that when relatively great pressures are 
reached on one side the response on the other side agrees less closely 
than is the case when one is dealing with small pressures Dr Duff 
S Allen and I have recently reinvestigated this question on five 
human cadavers with normal thoraces (figs 8 to 12) The experi- 
ments were carried out immediately after death, while the bodies were 
still warm and before rigor mortis had occurred Two cannulae of 
the same size were inserted tlirough the sixth interspace into the 
pleural cavities, one into each side These were connected with 
water manometers and also, through a side connection, with an 
atomizer bulb By blowing air into one pleural cavity the pressures 
on both sides could be read simultaneously It was observed that the 
pressures in the two pleural cavities agreed most closely when a posi- 
tive pressure was first created on one side followed in two or three 
minutes by the injection of air into the opposite side For example, 
if a small positive pressure were first created by the injection of air 
into the right side and then if the left side were gradually inflated by 
increasing amounts of air, the pressures in the two pleural ca\dties 
would agree more closely than when the experiment was carried out 
m any other way In fact when dealing with pressures up to about 15 
cm of water the agreement is rather close, as may be seen by reference 
to the accompanying diagram (fig 12) The curve of results obtained 
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Fig 9 S vme Subject vfter Air H.\d Been- Ivjectedixto Left Pleural C\\t:x\ U^ til 
\ Pressure Equal to that of S 5 cm of Water Was Obtain-ed 

Ea en ATitli tins sbght pressure the mediastinal structures are markedly deflected as 
shown strikingly by tlie position of the trachea The left lung seems to ha\ e disappeared 
but instead it is crow ded o\ er into the other side 
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The mcdnstinal struclurfs irc now all on the other «U(lc of the mid hnc, and tlitrc is no 
cv idcnce of lunR tissue on (he left ^idc 
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Fig 11 A LniNG Ngw-born Bab\ ^\ITH \ Llbt Pneumothorax Produced Acciden- 
tally IX Attempts to Inject Adrlxaiin- into the Heart 

Xote the trachea and heart pushed o\ er into the right side of the chest The left lung 
also presumably is pushed over into the right side of the chest instead of being merely 
“collapsed ” Life uas compatible Mitli this amount of displacement, although there uas 
a high grade asphj \ia until the air in the left chest uas aspirated 
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The results sho\vn m this dmgram were obtained in an adult male patient one hoi.f 
after death from generalized pcntoniOs If the prc<«ufes in the luo ^'dci were dcntical 
after an nltcrition in one le, then the plotletl graph would forni a straight line which 
would be the oblique diameter of each «;quarc llro-gh which it pi««ed The Dearest 
approach to this is the cim c marked I h after R-f, a f'Ct wl n h democf Inted that the 
pressures m die two pleural cavities becoircr'ovincarlv I tcniical if a s' gl t pc«nti\epr« 
sure witli nir is made in one f i le Icforc the other’* dc i* mPalrd 
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Fig 11 A LniNG New-born Bab\ wiTHALEn Pneumothorav Produced Acctoln- 
TVELY IN 'VXTEMPrS TO INJECT VdRLNAIIN INTO THE HEART 

Note the trachea and heart pushed over into the right side of the chest The left lung 
also presumably is pushed over into the right side of the chest instead of being merely 
“collapsed ” Life was compatible with this amount of displacement, although there was 
a high grade asplwvia until the air in the left chest w as aspirated 
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in the above manner is designated “L-f after R-f ”3 however, 
the pressures in the two pleural cavities were equal at the start, 
then continued inflation of one side was not followed by pressure read- 
ings in the opposite side of such close agreement, as shown in the curve 
designated “L-f- after L = R ” The final one of the three curves, 
designated ‘X-f- after L-f-” m figure 12, shows the results obtained 
when a positive pressure was first created in the left pleural cavity 
followed by inflation of that cavity in the usual way The differences 
obtained in accordance with the actual methods of conducting the 
experiment probably account for some of the discrepancies and dis- 
agreements reported by various observers Time will not permit a 
discussion here of the various possible explanations of these differences 
which suggest themselves 

In this general summary of the effects of alterations of intrapleural 
pressure which has been given above it is recognized that some of the 
ideas and theories here set forth may perhaps have to be modified 
from time to time as later work sheds new light on the subject At 
the present time, however, it seems to me that no general theory of 
the action of pneumothorax explains all the known facts so well 
as the one which has been advanced above In principle the theory is 
the same as that ex'pressed in 1918, it differs only in relatively unim- 
portant details Those who have disagreed with the prmciples of the 
theory have invariably failed to offer a constructive alternative hy- 
pothesis which is at all m accord with all the known facts concerning 
the action of pneumothorax 


3 Under such conditions the numerical values, for example, were found as given in the 
column below The close agreement between the pressures of the two sides up to 10 cm 
of water is in harmony with our results published in 1918 


2 



11 0 

26 

16 5 

38 

19 25 

4 



12 0 

28 

17 25 


19 75 

6 

5 0 


13 0 



42 

20 00 

8 

6 5 


14 5 

32 

18 0 

44 

20 25 

10 

8 5 

22 

15 25 

34 

18 5 

46 

20 50 

12 

9 5 

24 

16 0 

36 

18 75 

48 

20 75 








ALTERATIONS OF INTRAPLEURAL PRESSURE 


451 


RErERENCES 

(1) Quoted from H G Wells The Outline of Histor> Macmillan Compinj , Ktrr 

York, 1920, \ol i,403 

(2) QuotedbyHc>nsius, A Arch f Phj’siol , 1882, xxxix, 267 

(3) Die Mcchanik und Thcrapie dcs Pneumothorax, 1902, quoted b> Emerson, C P , 

m Pneumothorax, Johns Hoplans Rep , 1903, n, 194 

(4) Pneumothorax Johns Hopkins Hosp Rep, 1903, xi, 1 

(5) Emerson, C P Loc cit 

(6) Saueebrucii, F Zur Pathologic dcs offenen Pneumothorax und die Grundlag^n 

meincs Verfahrens zu seiner Ausschaltung Mitt a d Grenrgeb d Med 
u Chir , 1904, xui, 399 

(7) Mayer, L Les Bases ph>siologiquca de la chirurgic Pleiiropulmonaire Ann 

Soc roj d sc mfd ct nat dc Brux 1906 x\ , 1 

(8) Hew SON, W Quoted from Emerson, C P Joe at 

(9) CRTTVEiLiriER, J De I'cmpyimc ct dc quclqucs ctp^ncnccs sur Ics animaux Bull 

Acad denied , 1836, 1,280 

(10) Graham, E A, and Bell, R D Open Pncumotliorax Its Relation to the Treat- 

ment of Empjema Am J A1 Sc, 1918, cK 1,839 

(11) Graham, E A Thclmportanccof the Vita! Capacity in Thoracic Surgerj J Am 

M Ass, 1920, lxx\, 992 

(12) ^Iatas, R The Value of Artificial Aids to Respiration in \cutc Optrativc Collapse 

of the lungs Arch Surg , 1922,a, 110 

(13) Duval, P Lcs donnfes actuclles dc la chirurgic inlnthonciquc uniltcrale cn 

plevrc hbre Presse m^d , 1922, xxx, 409 

(14) Yates, J I EfTects of Acute and Chrome Pneumothorax A Prchminor) Report 

Am J M Sc, 1923,clx\,l 

(15) SnydlRjJ W Studies in Intraplcurallcnsion ArcJi of Surg , 1924, vm, 364 

(16) Duvvl, P I cs plfivrcs coramuniquent dies normalcmcnt cher Ic diien? Prcs«c 

mfd , 1923, No 68, 733 

(17) Garland, O M Pneumodynamics, Ilurd and Houghton, New A ork, 1878, S3 

(18) Calvirt, j On the Intrapleural Pressure and Manner of Contraction of Ihcl ung 

in Pleural Effusion St Barth IIosp Rep , 1892, xrvm, 131 

(19) Grmiam, L \ a Reconsideration of the Question of the Effects of an Open Pneu 

motliorax Arch Surg , 1924, mu, 345 

(20) Grmiau, E a I*nncipcs qui dfcoulcnt dc la chirurgic inlralhroaciqui Presse 

mfd , 1923, XXXI, 141 

(21) Haldvnf, j S , AND PouLTON, E P Thc I ffccts of Want of Ox>gcnon Rctpin 

tion J Phj'siol , 1908, xxxMi, 390 

(22) Haldvne, J S Mpaeins, J C , ant> PPirsTLrv, J G The Effect of Shallov^ 

Breathing J Physiol , 1919, lu, 433 

(23) Dautrfbande, I , ANTI SpniL, P I^s causes dc la d>'spncc et dc la mort dans Ic 

pneumothorax ouvert Bull Acad ro> demfd dcBcJg , I922,a S,ii 531 

(24) Iunikcvard, C , AND Van Slake, D D Cjanosis Medionc, 1923, ii, 1 

(25) Saciur, — ■ Zur I*ehrc vom Pneumothorax /Uchr f kiln Afed , IS96, xxix, 25 

(26) Gr.\ii\m,I \ Some Surgical Aspects of A«ph>xia \*Conr delaSoc inlernat 

dc chir , Pans, 1920 

(27) Graham, F \ Recent Phases of Tlior'a*. Surgerj J M Ass , Ixix, 1825 



452 


EVAHTS A. GRAHAM 


(28) See Review of War Surgery and Medicine Office of the Surgeon-General, Wash- 

ington, 1918, No 4, 1-27 

(29) Holt, L E The Siphon Treatment of Empyema in Infants , Am Med , 1913, 

XIX, 381 

(30) Stivelman, B P , Hennell, H , and Golembe, H Chmcal Significance of Altered 

Intrathoracic Equilibrium in Pneumothorax J Am M Ass , 1922, Ixxxm, 
1450 

(31) Lenhart, C H Open Pneumothorax An Experimental Study of Functional Pa- 

thology of Sucking Chest Wounds Arch Surg , 1920, i, 336 

(32) Simon, S Effect of Artificial Pneumothorax on Collateral Lung Am Rev Tuberc , 

1921, V, 620 

(33) Davis, H J , and Graham, E A The Effect of Pulmonary Capillary Distention 

upon the Siee of Alveoh Not yet published 

(34) Chillingworth, F P , and Hopkins, R Physiologic Changes Produced by Varia- 

tions in Lung Distention, u Efficiency of the Pulmonary Circulation in Over- 
conung Obstruction Am J Physiol , 1920, li, 289 

(35) Bunnell, S The Use of Nitrous Oxide and Oxygen to Mamtain Anesthesia and 

Positive Pressure for Thoracic Surgerj' Calif State J. M , 1910, vm, 11-14 
Bitonell, S Positive Pressure for Thoracic Surgery with Nitrous Oxide-Oxygen 
Anesthesia Am J Surg , 1923, xxxvii, 98-105 

(36) WooDYATT, R T , and Graham, E A Alimentary respiration the secretion of 

carbon dioxide by the alimentary mucosa and its relations to eructations of 
gas and abnormal inflation of the stomach and intestine Tr Chicago Path 
Soc , 1912, vui, 354 

(37) Graham, E A Influence of Respiratory Mov ements on the Formation of Pleural 

Exudates J Am M Ass , 1921, Ixxiv, 784 



ETIOLOGY YS-D PRE\ENTIO\* OE MMELE GOITI'.R' 
DUiD vrvu\r 

D-r^'-r ef ^/i */j**J‘ I ^y^ 

XVniCiOlxTION 

Simple or endenuc goiter con-idenKl faun tlu Men pinnl of world 
mcdiane is one of the most imporlml nnd wide sprtnl cin"-is of 
human suffenng and ot phi'sic.il and mental thguiiruv with wliieli 
EOaetv has had and still Ins to deal 

If the thyroid were guilti ot all the ills it has been ittiusid of and 
performed all the functions that line been ascribed to it, it would 
mthout doubt be at the 'ante time one of our greatest malefat loin as 
well as one of our greatest benefactors 

lam one of those who bclic\ e that the thyroid lias very few fimctionii 
to perform as organ functions go and that w c arc now in ii gi ncral way 
familiar with tlic most important of these functions In other words, 
we probably possess more dctmile Knowledge com trning the iinalomy, 
physiology, chemistry and palholog}’ of the thyioid tlian of any olliei 
gland On the other hand, ns icgnrds the interrulntiomt of the Ihyiold 
function with the function of other organs, wi are only at the be/'lnniii(' 
of definite information Lnougli is known torecogni/e that ii vast and 
almost unexplored field of great pliysiologitnl Jinportaiiee Is Invol vi d. 

Broadly dehned, our present comt 7 )limi of the fum tioii of Die (liy 
roid is that it provides tla me ins, through its irxlin eont ilrdiig hot 
mone, of maintaining a liightr level of riietiboh m than would olln r 
wise obtain and also through lliirtiiatlons in its oetivily it j)roild> r a 
means for varying the r.ite of metnbolMin to mert <li iiig/ng pliy h 
logical needs (1, 2) 

On the basis of this coneeplmn of (Ik nonred function of th> Ihytol/i 
the diseases assoaated with di»lurbm</' of it'func lion m i/lx di/,de4 
into two groups as folio is 

■De'j rrHMii clleJfaofyVxi I,,! rw *. r rV, > )V 
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I Thyroid insufficiencies 

1 Simple goiter (endemic, epidemic, sporadic) 

2 Myxedema 

a Infantile (cretmism) 
h. Adult (Gull’s disease) 

11 Exophthalmic goiter. 

Reduced to more popular terms these groups would be designated 
hypo- and hyperthyroidism. They overlap to some extent Myxe- 
dema may supervene in exophthalmic goiter and exophthalmic goiter 
may develop on the basis of simple goiter although there does not 
appear to be any necessary relationship between the two groups 
This is mdicated by the fact that the lower animals are as susceptible 
to simple goiter as is man, w'hile exophthalmic goiter does not occur 
spontaneously in them, and up to the present the entire syndrome has 
not been produced experimentally Simple goiter is primarily a thy- 
roid disease dependmg on a deficiency of iodin Exophthalmic goiter, 
on the other hand, is pnmanly dependent upon a constitutional 
anomaly and the th 3 T 0 id hyperactivity is of a secondary^ and com- 
pensatory nature This constitutional anomaly is closely related to 
that present in status thymicolymphaticus, Addison’s disease and in 
experimental status thymicolymphaticus produced by sublethal injury 
of the suprarenal glands The constitutional anomaly underlying 
exophthalmic goiter may be congenital or acquired The acquired 
form develops most frequently aroimd the period of the menopause, 
and, in my opinion, explains the increased mcidence of exophthalmic 
goiter at this period of life 

THYROID INSUITICIENCIES 

From the standpoint of clinical medicine, simple goiter and 
myxedema are usually treated separately but from the standpomt of 
physiology and pathology they are but different stages or degrees 
of the same nutritional fault So far as is known Paracelsus (3) was 
the first to insist on the close relationship between goiter and cretin- 
ism All subsequent study has strengthened this association which 
has perhaps been most clearly and briefly expressed by Morel (4) 
in 1864 as follows* “Goiter is the first stage on the road to cretmism ” 
The same idea has been more comprehensively expressed by Koestl 



LHOIOGV ANU l>Rr\X^TIO^ 01 SlMWr GOIIEP 

(S) ns follows “Uie condition which produces goiter when it is we.ik, 
ilso produces cretinism when it is more intense ’ 

The publication of Gull’s (6) classical paper in 1874 entitled 
“On a cretinoid state supereening in adult life of women” wiUi which 
he dclinitcly associUed atrophv of the th>roid followed b\ tint of 
Kocher in 1883 (71 in wliitli he reported 16 eases ot complete ihvroul- 
ectonn in human patients who dee eloped a cache\i i similar to tint 
described be Gull, to use Koehcr s words left no doubt ol in unmis- 
takable relationship between meeedemi and cachexta strnmapriLti 
on the one hand and cretinism on the other The final jiroof of the 
relation of the thjroid to inevcdema was added in 1891 eehen Jlurraj 
(S) cured a patient be administering a gleccrol evtract of =lieep s 
thjroid 

What follows will deil pariicularle eeiili simple goiter although on 
account of the association just mentioned iniantile me \tdema fcrelm- 
ism) must come into the discussion 

oet URULNCE tNU WSTRIIIUTION 

Simple goiter includes those theroid enlargements in man and 
animals whieli were lornicrle grouped under endemic, epidemic 
sporadic and pliesiolugic It mae occur in ane lind and Iresh water 
anmial with the ductless tlieToid Anim iK being m the sea ire free 
from the disease On the seacoast gtnerille it is ordin.irile rare in 
man and the casts seen ire usualle in eeomen ind in a'soeiatiem evith 
pregnance and hcmtiiin It occurs m -dl race s in all dim ites and at 
all habitable altitude' In the temjieratc yones there is i 't ison ible 
eariation boOi in min ->114 inim ils It deedops more irequenlle 
dunng the 1 ite e inter iiid carle spring months SimiHr second 
eanations iI'O occur in tile loilip store of the the'oidasiKanledoulbe 
Seidell and 1 eiiger lO ^\hIk goiter m le occu’' anew here, e'er in 
mid-ocean a- on one ol Cajiiain Coo! s 'oe-igcs in 1772 one of tie 
ii’Ost stril ing eharaeteri'tie'is ttie increased incide me in ce't m more 
or le-s defined reenons o! tlie world the -o calk 1 di-tnct- of ir>d-nie 
goiter (Ilirsdi) 10) He raw't notable ot the-e tb Inel- are the 
Ilimd i\ a Mount in ’■egio" ol i-auth Cenlril V'!’, the Mus, PyrenL- „ 
and Carptthnn Mount on ^eg''’'-' in I a't>, e tl e Avkan pGt/ 'U ef 
kouth Atne-Ks. In \o-ni Xr" trie*, tin mo-t now nt rmis ire tl 
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I Thyroid insufficiencies 

1. Simple goiter (endemic, epidemic, sporadic) 

2 Myxedema 

a. Infantile (cretmism) 
h Adult (Gull’s disease) 
n Exophthalmic goiter. 

Reduced to more popular terms these groups would be designated 
hypo- and hyperthyroidism They overlap to some extent Myxe- 
dema may supervene m exophthalmic goiter and exophthalmic goiter 
may develop on the basis of simple goiter although there does not 
appear to be an}'- necessary relationship between the two groups 
This is indicated by the fact that the lower animals are as susceptible 
to simple goiter as is man, while exophthalmic goiter does not occur 
spontaneously m them, and up to the present the entire syndrome has 
not been produced experimentally Simple goiter is primarily a thy- 
roid disease depending on a deficiency of iodin Exophthalmic goiter, 
on the other hand, is primarily dependent upon a constitutional 
anomaly and the thyroid hyperactivity is of a secondary and com- 
pensatory nature This constitutional anomaly is closely related to 
that present m status thymicolymphatmis, Addison’s disease and in 
experimental sxatns thyimcolymphaltcus produced by sublethal injur}' 
of the suprarenal glands The constitutional anomaly underlying 
exophthalmic goiter may be congemtal or acquired The acquired 
form develops most frequently around the period of the menopause, 
and, in my opinion, explains the increased incidence of exophthalmic 
goiter at this period of life 

THYROID INSUFEICIENCIES 

From the standpoint of clinical medicine, simple goiter and 
myxedema are usually treated separately but from the standpoint of 
physiology and pathology they are but different stages or degrees 
of the same nutritional fault So far as is known Paracelsus (3) was 
the first to insist on the close relationship between goiter and cretin- 
ism. All subsequent study has strengthened this assoaation which 
has perhaps been most clearly and briefly expressed by Morel (4) 
in 1864 as follows. “Goiter is the first stage on the road to cretimsm ” 
The same idea has been more comprehensively expressed by Koestl 
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(5) Ts folIo^^s “Iht condition whicli produces goiter ulien it is wcik 
also produces cretinism ^\hen it is more intense ’ 

The publication ol Gull s (6) chssical paper in IS/'d entitled 
“On a cretinoid state supencning in idult lift of women ’ witli whitli 
he defimtelj associated atropln of the tin roid, follow cd b\' that of 
Kocher in 1883 17) in whieh he reported Ibciscsof complete tlnroid- 
cclomj in human patients who developed a cachcMa similar to tint 
described b\ Gull, to use Kocher’s words, left no doubt of an umnis 
likable rehtiOnship between mwedema and cachexia sirumapn a 
on the one hand and cretinism on the other 1 he final proof of the 
relation of the thjroid to mwtdtmi was added m 1891 when Murraj 
(8) cured a patient b\ administering a gUeerol evtract of sheep's 
thj roid 

What follows will deal particularh with simple goiter ilthough on 
account of the association just mentioned inf intilc nn \edcma Icietin- 
ism) must eonic into the discussion 

OCCGRItTNCL AM) DISt KIllE IION 

Simple goiter includes those thyToid cnlirgcmcnts in man and 
animals which were formerh groujied under endemic, epidemic 
sporadic and jihjsiologic It mu occur in am land ind fresh water 
animal with the ductless tluroid \mmals living in the se i are free 
from the disease On the seacoast geneiillv it is ordinarilj rare in 
man and the cases seen ire usu ilK in women ind in association with 
Jiregnanej ind lactation It occurs in all rates in all climates and at 
all habit ible altitudes In the teniiieralc /ones there is i season ible 
' iriation both in mui iiid animals ft develojis more frequentlv 
during the late winter ind cirlv spang months Similar seisonal 
V iriations alsooecunn theiodiii store of the tluroid as pointed outbv 
Seidell ind I' eager (9) \\ hile goiter max occur an> where even in 

mid oct in, as on one of Capliin Cooks images in 1772 one of the 
most striking ch ir lete risltcs is the mere i-td ineidenee in certain more 
or less defined regions of the world, the so t died districts ol endemic 
goiter (Hirseh) (10) llie most not ible of these districts are the 
Him il ija Mount im region of South Centr il .\sia, the tips, Pxreiices 
and C irpithian Mount iin regions in Gurope the \ndeau pi item of 

South \meriei In \orth \meriea the most important are is are the 
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St Laivrencc River and Great Lakes basin, extending w est through 
Minnesota, the Dakotas and the adjacent Canadian provinces and 
also the Paafic Northwest, including Oregon, Washington and British 
Columbia Less important foa occur throughout the Appalachian 
Mountain region, the Rocky Mountain states and states in the Great 
Central Basin It will be noted that most of these regions are moun- 
tainous, although there are numerous exceptions Of greater impor- 
tance IS the occurrence of endemic goiter for the most part on sods 
deposited from the last glaaal penod (See figure 1 ) 

There IS also general evidence of vanations in the inadenco of goiter 
m these distncts durmg the last one-hundred years There are many 
reports of the sudden occurrence m large numbers of men and ammals 
of goiter, the so-called epidemics In man these so-called epidemics 
have for the most part occurred m militarj' garrisons, in institutions 
and in schools (11, 12) These outbreaks have usually been in dis- 
tricts where the ordinary inadence of goiter is high and in new inhabi- 
tants I have had the opportunity of investigating such outbreaks 
m dairy herds, on poultry farms and in fish hatchenes (13) Some of 
these outbreaks were in goiter regions while others were not, showing 
that with the optimum conditions for its development present, goiter 
may occur anywhere 

Begmning about the age of puberty, females are more often affected 
than males In the districts of severest endemic goiter this difference 
in inadence due to sex is masked (14) In such regions all of tlie 
inhabitants may be affected In non goiter regions where only spo- 
radic cases occur these are usuallysccninw omen Strikinganaveragc 
between these two extremes one may say that in general simple goiter 
IS two or three tunes more common in females In the lower animals 
a difference in incidence due to sex has not been demonstrated The 
periods in life when simple goiter most frequently deaelops arc (a) 
durmg fetal life, (b) dunng pregnancy and lactation, (c) during puberty 
and (d) during tlie menojiause 

ETiOLOev 

The cause of thyroid hypertrophy and hypoplasia has interested 
medical men from the earliest day s of medical history Tlicrc are few 
if any diseases in which such a variety of agents ha\c been brought 
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forward as causal factors St Lager in 1867 (15) enumerated over 
forty theories concerning its causation Many of these theories must 
now be grouped as folk-lore and legendary in nature Poverty, 
unhygienic living conditions and surroundings, unbalanced diets, 
certainly are important indirect contributing causes McCarrison 
(16) states that it is a common saying in certain provinces of Northern 
India that people who can afford the luxury of table salt are less likely 
to be affected A great vanety of organic and inorganic substances 
both of known and unknown chemical nature occurring in soil and 
water have been suspected to be the cause Among these may be 
mentioned arsenic, salts of calcium and magnesium, sulphides, par- 
ticularly of iron, fluorides, silica and miasms from decomposing vege- 
table matter These substances are not now believed to play any 
direct r61e With the development of bacteriology and protozoology 
the view that thyroid enlargement might be due to a specific hving 
virus was widely adopted This view has been the basis of extensive 
investigation Many types of parasites, bacteria, fungi and protozoa, 
have been descnbed McCarrison (17) has worked extensively in 
this field in India and formerly believed an orgamsm of the colou 
group was responsible Infection, he believed, took place through 
drinking water and food Chagas (18) working in Brazil in 1909, 
reported a form of goiter which he thought was due to a trypanosome 
{Schizotrypannm cruzi) Subsequent work has shown that the infec- 
tion with this organism may exist without thyroid enlargement and 
that thyroid enlargement may exist without the infection Kolle 
(19) of the Siviss Goiter Commission failed to produce thyroid hyper- 
plasia in rats by inoculating them with cultures of this organism The 
occurrence of this infection in a district of endemic goiter readily 
explains the association 

Numerous experiments m which fresh and boiled water from sup- 
posedly goiter producing springs were employed have been carried out 
in recent years by Dieterle, Hirschfeld and Klinger (20), by Bircher 
(21) , by Wilms (22) and by the Swiss Goiter Commission (23) These 
experiments have yielded either negative or doubtful results In 
general nothing suggesting a direct infecting agent has been proven 
despite the enormous amount of work which has been done That 
toxins of bacterial and other origins may indirectly stimulate the thy- 
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roid to increased activity and possible enlargement is uell known 
Thyroid enlargements are frequently seen in earl> pulmonary tuber- 
culosis, in active syphilis, in acute fevers like pneumoma, scarlet fever 
and diphtliena The thyroid reaction in these conditions is now 
explained as dependent upon its increased function in febrile diseases 
which in turn bnngs about the increased metabolism occurring in 
infections and indicates that the thyroid is an element in the defensive 
mechanism against infection and intoxication 

Water has been associated as the carrier of the active goiter pro- 
duang agent by all peoples from the remotest times (24) Lmngstone 
has reported that the inhabitants of Central Africa held this belief 
Barton (25) stated that the Amercan Indians Imng in the region of 
the Great Lakes also believed that water conxeyed the causal agent 
and It IS highly improbable that these peoples were familiar with 
similar views held by the Chinese, the Greeks and the Romans 
The conflicting experimental data thus for reported could perhaps 
be better interpreted as pointing to the lack of some substance (lodin?) 
necessary for the prevention of thyroid enlargement than that it 
contained some virus or toxin capable of produang thj roid hj^per- 
plasia Mv own interest in water as n earner of the "goiter-ogcnic” 
agent ceased in 191 1 w hen (a) Lenhart and Manne (26) demonstrated 
that brook trout living in xvooden ninwa>s (about 30 feet long) 
between ponds recovered from thyroid hyperplasia although all the 
trout living in the ponds above and below the runw a\ s w ere higlil) 
goiterous and (i) when it was demonstrated that fish witli active thj- 
roidh>peiplasia put m the tail race below all ponds regularlv recovered 
although livmg in the most polluted water If water is a lactor in 
thjroid hyperplasia (and I believe it is) it is due to the absence rather 
than the presence of some substance Manj years ago we (27) 
demonstrated that certain species of fish (Esat) livang in Lake Erie 
had enlarged thjToids, just as did the land animals of the adjacent 
countrj 

Lastlv, we will take up the present view of the cliolog> of simjile 
goiter This view assumes that goiter is a work or compensatory 
hjqiertrophy of tlic thy roid depending upon a rclativ e or absolute 
defiaencv of lodin On this basis goiter is only a symptom of a 
speafie deficiency disease in which an msufficicnt supply of lodm for 
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one or another cause is the chief factor The idea that goiter is due 
a lack of iodin is not new Prevost (28) (1830), Maffoni (28), Ing 

(28) (1838), Marchand (28), Niepce (28), and particularly Chat 

(29) who published the results of his researches in 1852 clauned 
have demonstrated a lack of iodin in the air, soil and water in distric 
of endemic goiter His claims were attacked and unfortunately 
discredited on the grounds of faulty and inadequate methods th 
further study of this important subject was blocked for forty-fif 
years 

It was not until 1895 when Baumann (30) of Freiburg discovert 
that iodin in a firm organic combination was a normal constituent ' 
the thyroid, that the possible importance of iodin in thyroid functic 
was revived He did not succeed in showing that iodin was a nece 
sary constituent although he and his pupils, Roos and Goldman 
(31, 32) were able to show that feeding iodin or food rich in iod: 
caused a storage of this element in the gland and that in general goite 
ous thyroids contained less iodin than the normal Oswald (33, 3- 
35) showed that the iodin compound was contained in the globulin ( 
colloid of the gland and that glands rich in colloid usually, though n< 
always, contain more iodin than hyperplastic glands Further mve 
tigations of the nature of this iodin-containing compound resulted i 
its isolation in 1914 by Kendall (36) in crystalline form and named b 
him thjnoxin. 

We may now re\dew in more detail some of the relations which lodi 
bears to thyroid morphology and function The relation of iodin i 
the structure of the thyroid in normal glands, in developing and inv( 
luting h)q)erplasia was first extensively investigated by Marine an 
WiUiams (37) and by Marine and Lenhart (38, 39, 40) These studie 
established the foundation on which the later experimental proof c 
the fundamental importance of iodm in thyroid physiology andpatho 
ogy was developed In comparing the microscopic appearance wit 
the iodin contents of several hundred human and canine goiterous an 
non-goiterous thjrroids, a striking relationship between the iodin stor 
and the histological structure was made out (See figures 2 and 3 
In the thyroids ^vith normal structiue the iodin contents varie' 
between 5 5 and 1 mgm per gram of dried gland When the iochj 
store was found below 0 1 per cent hypertrophic and hyperplasti 
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one or another cause is the chief factor The idea that goiter is due to 
a lack of iodm is not new Prevost (28) (1830), Maffoni (28), Inglis 

(28) (1838), Marchand (28), Niepce (28), and particularly Chatin 

(29) who published the results of his researches in 1852 claimed to 
have demonstrated a lack of iodin in the air, soil and water in districts 
of endemic goiter His claims were attacked and unfortunately so 
discredited on the grounds of faulty and inadequate methods that 
further study of this important subject was blocked for forty-five 
years 

It was not until 1895 when Baumann (30) of Freiburg discovered 
that iodin in a firm organic combination was a normal constituent of 
the th 3 uroid, that the possible importance of iodin in thyroid function 
was revived He did not succeed in showing that iodm was a neces- 
sary constituent although he and his pupils, Roos and Goldmann, 
(31, 32) were able to show that feeding iodm or food rich m iodm 
caused a storage of this element in the gland and that m general goiter- 
ous th 3 T:oids contained less iodm than the normal Oswald (33, 34, 
35) showed that the iodm compound was contained in the globulm or 
colloid of the gland and that glands rich in colloid usually, though not 
always, contain more iodin than hyperplastic glands Further inves- 
tigations of the nature of this iodm-containing compound resulted in 
its isolation m 1914 by Kendall (36) in crystalline form and named by 
him th 3 Troxm 

We may now review in more detail some of the relations which iodin 
bears to thyroid morphology and function The relation of iodm to 
the structure of the thyroid in normal glands, in developing and invo- 
luting hyperplasia was first extensively investigated by Marme and 
Williams (37) and by Manne and Lenhart (38, 39, 40) These studies 
estabhshed the foundation on which the later eiqierimental proof of 
the fundamental importance of iodm in thyroid physiology and pathol- 
ogy was developed In comparing the microscopic appearance with 
the iodin contents of several hundred human and canme goiterous and 
non-goiterous thyroids, a strikmg relationship between the iodm store 
and the histological structure was made out (See figures 2 and 3 ) 
In the th}T:oids with normal structure the iodm contents varied 
between 5 5 and 1 mgm per gram of dried gland When the iodm 
store was found below 0 1 per cent hypertrophic and hyperplastic 
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iodin store and histological structure of the gland has been observed 
in large senes of ox, pig, sheep, rabbit and fowl thyroids The gen- 
eralization may, therefore, be made that the iodin store varies inversely 

COLLOID GtAtlP SERIKS 


Iodin 



Fig 3 Illustrates the Relation of the Iodin Store in Sheep, Dog, and Human 
Thyroids to Their Histological Structure (Colloid Gland Series) 
From The Archives of Internal Medicine, 1909, iv, 440, by courtesy of the Editors 


With the degree of active hyperplasia and that if the iodin store is 
higher than 0 1 per cent in these animals no hyperplastic changes are 
present This generalization could be readily tested experimentally 
in several ways* 


ETIOLOGV AND PRTTCNTION 01 SIMPLE GOITFR ^63 

In the first senes of expenmen ts lodm was fed to dogs with hyper- 
plastic thyroids after a small piece of the gland had been remo\cd for 
lodm determination and anatomical classification Without excep- 
tion there was found a remarkable storage of lodm in the glands asso- 
aated with an involution of the hy’perplasia to the colloid or resting 
state (41, 42, 43) 

Similar observations have been carried out on rabbits, cats, sheep, 
fowls and fishes Complete involution of a marked hyperplasia 
requires about 15 days in dogs and about forty days in brook trout 
(44) Sweeping statements in mediane arc dangerous but in this 
mstance after many thousand observations I bclie\ e it can be stated 
that lodin will invanably bring about involution of physiological over- 
grow th of the thyroid The growth of thyroid carcinoma m both man 
and dogs is not affected by tbe admimstrabon of lodin nor is lodin 
retained in active thyroid carcinoma tissue even after many months 
of feeding (45) The normal thyroid cell has an extraordinary affinity 
for lodin This may be demonstrated m both in vitro and tn vivo 
cxpenments (46, 47) As much as 18 5 per cent of a single dose of 38 
mgm of lodin given as potassium iodide to a dog bj mouth has been 
recovered from its thjToid whose ratio to body weight was as 1 to 
687 Perfused surviving thjToids show that same marked abilitj to 
take out and store lodin from the circulating fluid as is seen in the 
intact gland Similar perfusions of the kidney and spleen do not 
result in the retention of lodin (Marine and Teiss) 

In a second scries of experiments Marine and Ltnhart (13) studied 
the effects of the administration and withholding of lodin after partial 
removal of the thy'roid in dogs As has been shown by many 
observers, notably by Halstcd f48), if one removes from one-half to 
Uiree quarters of the gland tlie remainder undergoes compensatory 
hyperplasia histologically identical with that seen in the spontaneous 
hyperplasia of developing goiter 

Large numbers of experiments of partial remov al in dogs have been 
earned out where the histological condition and lodin store were com- 
pared and it was found tliat compensatory’ hvperplasn did not begin 
until the lodm store in the remaining part had fallen below 0 1 per cent 
and that the degree of compensatory hyperplasia increased propor- 
tionately as the lodin store decreased just as was found in the spontane- 
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ous hyperplasias On the other hand when we removed as much as 
three-fourths of the gland and administered traces of lodin no compen- 
satory hyperplasia took place in the remaining portion which, as 
pointed out above, would regularly occur if iodin were withheld 
lodin in any amount will not protect against compensatory hyper- 
plasia when much more than three-fourths of the gland is removed, 
although the admimstration of the preformed iodin containing hor- 
mone as desiccated th)nroid will still fuither protect the remaining 
portion against hyperplasia 

A similar effect of iodin may be demonstrated in thyroid transplants 
in rabbits As has long been known the thyroid may be readily 
auto-grafted in any part of the body Manley and Marine (48) 
have shown that iodin ivill prevent the growth and hyperplasia 
occurring in such transplants or bring about an involution of the 
hyperplasia if it has occurred irrespective of the location of the 
transplanted tissue, just as it prevents or causes involution of com- 
pensatory hyperplasia occurring in non-transplanted tissues Such 
transplants also are capable of storing iodin 

These simple experiments show clearly that the changes in the iodin 
store and histological structure occurring in experimentally controlled 
hyperplasia are identical with those observed m spontaneous hyper- 
plasia or simple goiter 

The same general reaction of the thyroid can also be produced m 
experimental congemtal goiter. Halsted (49) first experimentally 
produced congenital goiter in dogs in 1889 He observed that puppies 
born from mothers which had had most of the thyroid gland removed 
had enlarged actively hyperplastic glands at birth — the enlargement 
reaching twenty times the normal size He also noted that the histo- 
logical appearance of such congenital thyroid hyperplasia was identical 
with the compensatory hyperplasia following partial removal of the 
gland The fact that removal of most of the thyroid from the mother 
ordinarily causes marked enlargement of the fetal thyroid has been 
confirmed from many sources and for many animals (Edmunds (50) , 
Marine and Lenhart (43), Carlson (51)) In addition to confirming 
Halsted’s observatons on dogs. Marine and Lenhart (43) in 1909 
added the additional fact that if a few milligrams of iodin are given 
during pregnancy to dogs from which most of the thyroid has been 
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removed the young at birth will have normal thyroids, both as regards 
weight, histological structure and lodin content We have also been 
able to obtain from the same ammal alternate litters of goitcrous and 
non-goiterous puppies by withholding and administering lodin Tins 
experimental congemtal thyroid hj-perplasia is true congenital goiter 
It IS identical with the spontaneous congenital goiter of man and ani- 
mals and IS dependent upon a maternal functional insuffiaencj of the 
thyroid As m the case of manj facts of mediane the experimental 
production of congenital goiter was merely laboratory confirmation 
of the views held by the older students concerning the cUology of 
congemtal goiter in man The experimental production and control 
of congenital goiter should end the discussion in support of the true 
hereditary nature of congemtal goiter 
Another series of experiments was earned out to demonstrate that 
the normal thyroid could be kept normal ov er long periods of tune cv en 
in highly goiterous districts by the admimstration of small amounts of 
lodin In these evpenmcnts litters of puppies from iodized motlicrs 
were used to insure normal thyroids at birth To half of each litter 
one miUigram of lodin was given by mouth each week while tlie otlier 
half of each litter served as controls These expenments w ere earned 
out m Clev'ekind where practically all dogs normally have some degree 
of thyroid hypeqilasia It was found that those puppies which did 
not receive lodin developed the usual thj-roid enlargement while the 
thyroids of those that received a milligram once a week remained 
normal although both control and lodin fed pujipies vrerc kept in the 
same kennels and fed w ith the same kind of food These experiments 
proved that lodin in minute amount could control tliy roid ov ergrow th 
and that we had to deal witli a umquc phj'siological fact in that a 
single inorganic element determined the functional v due of the tin - 
roid secretion 

.Diet plays a part in the etiologj of thyroid overgrowth (goiter) 
(52) St Lager (IS) (1867) stated that foods rich in fats— particu- 
larly pork had long been considered tas an important factor in the cause 
of goiter Baumann and his pupils noted that foods rich in lothn 
(codfish) caused a storage of lodin in the gland and t^iat fresh meats 
caused a decrease in the lodin store Watson (51) also found that 
meat diets caused hjpertrophj and hyperplasia of the rat’s thiroid 
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Marine and Lenhart showed that pig’s liver was the most potent of a 
great variety of meats in causing thyroid hyperplasia in dogs We 
also found that this food was an important factor in the causation of 
thyroid overgrowth in brook trout, a disease which at that time (IQIO) 
was widespread throughout the fish hatcheries m the United States 
where the Salmonidae were artificially reared (13, 26) 

In investigating an acute outbreak of goiter in poultry in the spring 
of 1914 the high protein and fat content (meat scrap) of the diet was 
believed to be an important factor in causing thyroid overgrowth 
We also noted in a herd of dairy cattle in which several goiterous and 
cretin calves were born that the high proportion of cotton seed meal 
used in the food was probably an important factor McCarrison 
(54) has shown that diets which include an excessive amount of diges- 
tible fats free from iodin (lard and buttei) were even more potent in 
producing thyroid hyperplasia in pigeons than were the high protein 
and fat diets above mentioned These observations on the effects of 
fat feeding have been confirmed by Mellanby (55) McCarrison 
further showed that fats rich in lodm, as codhver oil, did not cause 
thyroid hyperplasia This probably explains why goiter is rare 
among the Eskimos in spite of their high fat and protein diets 
Shapiro and Marine (56) (unpublished) confirmed McCarrison’s 
observation by showing that the adrmnistration of tO cc of cottonseed 
oil daily to labbits in addition to their ordinary diet regularly causes a 
striking thyroid overgrowth, just as the diet of pig’s liver did in brook 
trout It usually takes from sixty to mnety days to produce marked 
th3n:oid enlargement in rabbits As thyroid hyperplasia is secondary 
to the depletion of the iodin store these facts indicate that diets nch 
in proteins and fats increase the rate of discharge of iodin It seems 
probable that thyroid activity is more necessary for the metabohsm 
of fats and proteins than of carbohydrates Carbohydrate diets as 
shown by McCarrison do not cause thyroid hyperplasia 
Lastly, I will call attention to the influence of -pregnancy and lacfa- 
hon in the etiology of thyroid enlargement The period of pregnancy 
and lactation is^one of the three important periods in life when simple 
goiter most frequently develops The association has been known 
since antiquity. Lawson Tait (57) in 1875 described the step like 
enlargement of the tliyroid associated with multiple pregnanaes 
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Slight hypertrophy of the lh>Toid dunng pregnancy often to the stage 
of clinical detectability is looked upon by obstetriaans as normal even 
m non-goiterous districts The physiological nature of the enlarge 
ment has not been extensively investigated Naturally one would 
suspect from what ive know of normal thyroid phjsiology that the 
hypertrophy dunng pregnancy was dependent upon increased 
demands for functional activity dunng this period Murlin (58) in 
his studies on metabolism dunng pregnancy, both in human cases and 
in dogs, observed only a shght increase in the total energy production, 
averaging about 4 per cent in the case of woman and 9 per cent in a 
dog W'hich was proportional to the mcrease in the weight of the fetus 
Baer, (59) m 45 normal human cases, found the basal metabolic rate 
in late pregnancj' to aecrage about 30 per cent above the normal for 
non-pregnant w omen, of approximately sirmlar surface areas Root 
and Root (60) in a careful study of human pregnancy found an 
increase in the basal metabolic rale beginning at the filth month and 
reaching -I- 23 per cent eleven days before delivery During the last 
two years, w c hav o studied the influence of pregnancy in rabbit-,, with 
and v,ithout thyroidcctomj , on heat production (61) Our results 
show Uiat heat production markedly increases in this animal during 
prcgnanc> and lactation The rise begins about the middle of preg- 
nancy, that is about the end of the second week of gestation, and con- 
tinues through the period of lactation Thyroidectomy performed 
during the first week of pregnanev greatly reduces and sometimes 
prevents tlie increased heat production both of pregnancy' and lacta- 
tion Thy roidectomized rabbits occasionally abort but w e hav c never 
seen an instance of abnormally prolonged pregn incy after thyroidec- 
tomy as has been described A large percentage of these rabbits 
abandon their y oung at birth Ihcsc cxiicriraents, we believe, indi- 
cate that normally there is a greater increase in heat production during 
pregnancy' than some of the previous work lias indicated, and that 
this increase is in part dependent upon tlic maternal thyroid and that 
the enlargement which may occur at tins time is essentially a com- 
pensatory or work hy'pertrophy Tlic enlargement of tlie fetal thy- 
roid, whicli IS so directly dependent upon matcrnil thyTOid insuffi- 
ciency IS also, we believe, a purely physiological or compensatory' 
reaction 
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To sum up the evidence at present available concerning the etiology 
of goiter, I believe we may abandon the older views that it is due to a 
specific Imng \Tirus or a specific chemical substance and conclude that 
simple goiter is a compensatory or work hypertrophy depending upon a 
variety of metabohc stimuli for functional activity of the thyroid winch 
depletes its lodin store The immediate cause of th}T:oid enlargement 
is a lelative or an absolute deficiency of lodm This defiaency may 
result from 

1 Any factors which increase the needs of the orgamsm for the 
iodin contaming hormone as occur during puberty, pregnancy and 
lactation, during the menopause, during certain infections and intoxi- 
cations, follov/ing sufiicient injury to the interrenal gland, or as a result 
of diets consisting mainly of fat and protein 

2 Any factors which interfere with the absorption or utihzation 
of the normal intake of iodm We have no knowledge as yet of such 
factors although it is conceivable that the intestinal bacterial flora or 
intestinal parasites could utilize or divert part of the lodm mtalce 

3 Factors which bnng about an abnormally low intake or actual 
deprivation of iodm, eithei natural or experimental The normal 
soiuce of iodm is fiom food and water though traces may be taken by 
breathing the air in the immediate vicimty of the sea In districts of 
endemic goiter both the food and water derived from such soils have 
been proA'en to be very low in lodin (29), 01m (62), McClendon (63) 

When one recalls that the maximum store of iodm in the normal 
thjuoid is about 25 mgm and that an intake of 50 mgm if properly 
distributed may maintain the th3rroid in a normal state for as long as 
a year, that certain diets, pregnancy, fevers and otlier condibons 
bringing about increased metabolism can quickly exhaust the lodin 
store of the thyroid, it would appear that tlie iodm deficiency might 
be considered as a primary and possibly the essenbal cause of goiter, 
Nei'ertheless, we must still consider the possibihty that some chenucal 
agent or toxin may be operabng in districts of endemic goiter to divert 
an otherwise adequate intake of iodm or to increase the needs of the 
organism for thyroid activity, and not rest content merely with the 
fact that for piactical purposes thyroid hyperplasia is due to iodm 
deficiency 
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ANATOSIia^L CACLE AND PATOOLOGICAI ANATOMY 

The thjToid is a very labile tissue capable of marked and rapid 
hyperplasia and ln^olutlon m response to \Tiriations in functional 
activity On this account a v ide range and a great \ anety of progres- 
sive, regressive, dcgcnerati\ e, inflammatory, atrophic and neoplastic 
changes may be present, many of -nhich as Virchow (64) pomted out 
are only terminal metamorphoses and complications m long standing 
goiters These secondary changes are usually present in human goiter 
and have caused most of the confusion and difficulties of interpreta- 
tion The pnraarj and essential anatomical changes in the thyroid in 
goiter we believe are relatively simple (65) As a result of the study of 
large senes of goiterous and non-goiterous thyroids in fish, birds, dogs, 
sheep, oxen and man it has been found that the cycle of essential cell 
changes may be reduced to the following scheme 

atrophi 

Normil — > hjpertroph) — » hj'pcrpla'sia^ 

^ Colloid glind (goiter) 


• , atrophy 

Colloid — > hypertrophy — > hyptrp'asia(^ 

Colloid gland (goiter) 


Colloid — ► hj-pertrophy — ) hyperplasia 
(goiter) 

We belteve this is the onlj cycle of cell change of which the thyroid 
tissue is capable and that it tends to undergo this cjcle in response to 
stimuli requiring increased tliyroid acUvitj 
The gland cells begin to hj-pertrophy when the lodtn store falls 
belov' a given lea el (less tlian 0 1 per cent in the ammals studied) and 
continue this hypertrophy' and liypciplasia until exhaustion atrophy 
or recovery superaenes By' anatomical recovery' one means the 
involution of the actixe hyperpl isia to the colloid or resting stage and 
not as some have supposed, the disappearance of the thyroid enlarge- 
ment Colloid goiter is the nearest condition to the normal both 
anatonucally and chemically' that a thyroid gland which has once 




470 


DAVID marine 


been in tbe state of active h 3 ^erplasia can assume and such colloid 
glands are capable of manifesting all of the reactions which a normal 
gland can show (42) Thus they can repeat the cycle of hypertrophy, 
hyperplasia and involution many times durmg the life history of the 
animal. The step-like enlargements seen in association with multiple 
pregnancies is a clinical manifestation of alternating hyperplasia and 
involution. This has been shown experimentally in dogs by produc- 
ing compensatory h 3 ’perplasia by partial removal of the gland, then 
causing involution of this hyperplasia vuth iodin, again producing com- 
pensatory hyperplasia by partial removal and again produang involu- 
tion with iodin We have succeeded by this means in causing the 
gland to repeat its cell C 3 '-cle as many as seven times m the same am'mal 
during a period of eighteen months 

These cell changes are not specific for any climcal disease (66, 67) 
as some have supposed but occur in response to any stimulus for 
increased th 3 n'oid acti\aty which brings about a sufficient depletion of 
the iodin store 

The first change in the thyroid in developing goiter is a marked 
decrease in the iodin store When this has fallen below 0 1 per cent 
increased vascularity, cell hypertrophy and hyperplasia occur The 
stainable colloid decreases as the hyperplasia increases In the lower 
animals, with the exception of the rat, this h 3 'perplasia of the 
epithehum is regular and uniform while in man it is frequently irregu- 
lar and nodular — so-called struma nodosa or adenomatous goiter 
(68). These nodules or adenomas are due to different rates of growth 
of foci of thyroid cells in response to a general stimulus to the thyroid 
It is believed they may arise both from differentiated thyroid alveoli 
and from cell rests as first described by WoMer (69) These 
adenomas are an integral and essential part of endemic goiter in man 
and are due to the same stimulus which excites the thyroid as a whole 
to hypertrophy These multiple circumscnbed bemgn growths are 
functionally active yet have certain of the attributes of tumor, one of 
which IS that their growth once initiated is frequently not controlled 
by iodin as is every simple hyperplasia (70) The termmal meta- 
morphoses are far more serious than those of simple goiter Smce in 
addition to pressure effects, hemorrhage, necrosis, cyst formation and 
their possible role in the etiology of Graves’ disease, probably 90 per 
cent of the malignant tumors of the th 3 moid arise from them 
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PREVENTION 

The curative treatment of simple goiter and cretinism has been 
actively practised for some twenty-five hundred years without any 
notable decrease in the inadence Nor has the introduction of surgery' 
dunng the last fifty y'ears matenally’ affected the general problem of 
control 

There is some general evidence that the severer degrees of goiter 
and cretinism are less common than formerly' and also that certain 
regions where mild endemic goiter formerly cvisted are now relatively 
free It is possible that tlus result is an indirect effect of the general 
economic betterment — higher standards of hving, improved sanitation, 
a better and larger v'ariety of food, control of infectious and contagious 
diseases and more extensive means of transportation Some more 
direct method of prev ention must be dev eloped if vv e are to control 
the disease The search for such methods is not new This vv as one 
of the mam purposes of the Goiter Comimssions appointed by Uie 
Sardinian government in 1S45, by the Austrian government in 1S60, 
by the Trench government in 1863, by the Swiss gov emment m 1908, 
and more recently by the Italian government The installation of 
new water supphes was recommended by some of the goiter commis- 
sions In certain instances this is said to hav c decreased and m others 
to have increased the incidence In Vienna, Busina, Portland, 
Oregon, and Seattle the new water supplies even tliough exceptionally 
low m bacteria, organic and inorganic matter seem to have resulted m 
an increase m goiter Changing tlie water supply for the puqiose of 
goiter prev ention is at present w ithout scientific support As a result 
of tlie experimental data regarding the relation of lodm to thyTOid 
phy-siology and pathology and Uic conclusion drawn from tlicm, that 
simple goiter was due to a relative or absolute deficiency of lodin, the 
plan of supplying a minute amount of lodm to meet tlus deficiency sug- 
gested Itself 

Tlie first occasion when lodm was thus used m the prevention of 
simple goiter on a large scale was m 1909 and 1910 (13, 26) when 
Marine and Lenliarl demonstrated that tins substance added to tlic 
water supply m a concentration not greater than 1 ingm per liter 
arrested and prevented the development of tliyroid hyperplasia m 
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brook trout It was later shown tliat changing the diet of the fish to 
whole sea-fish which also contained traces of iodin was equally 
efficacious (71) Since then the administration of lodin in some form 
or manner has been successfully applied in the prevention of goiter m 
sheep, cattle, pigs and poultry (72, 73, 74) Attempts to apply the 
plan of goiter prevention in man on a large scale was beset with diffi- 
culties, obstacles and hostility which society seems always to have 
interposed when new methods of controlling disease (however meri- 
torious) have been proposed Many interesting stories could be told 
of our efforts and failures to make the experiment 
The prevention of simple goiter in man v as not attempted on any 
large practical scale until 191 7 (75) when 0 P Ivimball and I began its 
practical application among the girls attending the pubhc schools of 
the cit)’’ of Akron, Ohio The method used at that time consisted in 
the admimstration of 2 grams of sodium iodide m 0 2 gram doses 
distnbuted over a penod of two weeks and repeated each autumn and 
spring At that time it was pointed out that tlus amount of lodin 
was excessive and far be 3 ^ond the needs of the indmdual or the ability 
of the thjTToid to utilize or store it This demonstration was carried 
out for a period of two and one-half years and the results are briefly 
as follows- Of 2190 pupils taking 2 grams of sodium iodide twice 
j’-early onl}’- five developed thyroid enlargement while of 2305 girls 
not taking the prophylactic 495 developed thyroid enlargement The 
th 3 T:oid glands of 773 pupds out of 1182 with thyroid enlargement at 
the first examination who took the prophylactic treatment have 
decreased in size, while in 145 out of 1049 pupds with th}rroid enlarge- 
ment at the first examination who did not take the prophylacbc treat- 
ment tlie thjnoids have decreased in size (76) 

These figures demonstrate in a striking manner both the preventive 
and the cuiative effects of minute doses of lodin They are just as 
stnlung as tlie results obtained in ammal expenments and the generali- 
zation may be made that human goiter is as easdy and as cheaply 
prevented as it is in the lower arumals Since these results were 
reported numerous papers have appeared m the European literature 
particularly from Switzerland and Italy, confirming these observations 
and extending the prophylactic use of iodin Edmger (77) in 1921 
reported even more sinking curative results in the school chddren of 
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7unch He ivorkcd iMth a school population in winch Die incidcine 
of goiter vmed from 82 to 95 per cent W'hilc oiii nia\inniin incidence in 
Akron w as 56 per cent 

Tims, of 760 children 90 per cent were goitcrous it the fir--t c\amin.i- 
tion After fifteen months treatment witJi 10 to I5nij'm lodin wttkij 
only 28 3 per cent were goitcrous of a total of 613 rtevamnicd Inde- 
pendent reports by Fntschc (78), Bajard (79), ITunrikcr and Wys.. 
(80), and deQuervain (81) from different Swiss towns indicate cfpmllj 
benefiaal results Similar reports from Italy lia\c iiecn made by 
Muggia (82) and Pigliini (83) during tlic last two years In 1922 the 
Swiss Goiter Commission (84) recommended the introduction of stati 
wide propliydactic mc.isurcs against endemic goiter in either of two 
ways 

1 For general prophyloMS the use of salt containing 2 to 5 mgiii 
potassium iodide per 1 ilogram 

2 For school prophylaxis the use of tablets containing 1 mgm lodm 
at weekly intervals 

These amounts of lodin arc too small 

lodm IB cffectnc when administered in any form or hy any means 
by inhalation, by' mouth, by application to the skin or by injection 
This fact introduces difficulties and ad\ int iges— difricultic- as regariK 
the selection of the best form and mean'' of administr ition, ind 
advantages in dial the desired results may he accompli bed a iih 
certainty in a variety of \ ay» The idecl plan of administration w 
still to he vorl cd out Historically (85, 86, 87) md of eourfc (juiii 
unknoi.angly lodm contaimng sail v as the fu-si means of administr 
tion and I am of die opinion that ultim iltly it will jirmr the bc^t 
means of administration when the entire popuhtion i to he pro 
tccted Sea salt or a salt containing 2 to 5 mjan ol lodm p<r 
filo if used c\clusi\cly 1 ould seem ample in tin diitncir vIilto 
endemic goiter is not aery prevalent II apjdicd to the sclKi'il 
population only, the Swrs plan of gmng tablcU. lontaimng 5 to lb 
mgm at v eekly intervals is more convenient and quite rufiicicnt for 
prevention For curauve effects larger amounts v.ill jirobibly Iw 
necessary Simple goiter most frequently develop' (/i) during fetd 
life, (i) dunng adolescence, and (e) dunng pregnancy md JacI itio i 
Any plan of prevenUon that controls thyroid f-tnd during th<^' 
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three periods would practically eliminate simple goiter Goiter in the 
mother and letus can be prevented as easily and as simply as that of 
adolescence and by the same means All pregnant women hving in 
goiter districts should be given the equivalent of 10 mgm of iodin 
each week dming the period of pregnancy and lactation 

The dangers and untoward effects of lodin when used in the mim- 
mum amounts suggested have been exaggerated Iodin like other 
foods has been greatly abused and its abuse in the prevention and 
treatment of goiter will continue until it is realized that the maximum 
storage capacit}'- of the normal thyroid for iodin is not over 25 mgm 
and that such a store is suffiaent to meet the ordinary physiological 
needs of the organism for months When one considers the extent to 
which iodin is daily used both by the profession and the public the 
probabihty of injury becomes negligible lodism and the possibility 
of aggravating incipient exophthalmic goiter are the only dangers 
worthy of consideration In general iodin should not be used in 
Graves’ disease although tliere are unquestionably stages of the disease 
in which daily doses of 1 mgm may be helpful 

Desiccated thyroid is theoretically a better prophylactic than lodm 
but practically it is too dangerous a drug to be recommended at 
present 

Cretinism * Prevention offers the only certain means of controlhng 
endemic cretimsm both in man and in animals In sharp contrast 
'vvdth Gull’s disease postnatal treatment is only partially successful 
because too much damage has been done before treatment can be 
instituted Remarkable cures may be obtamed in cretin animals when 
treatment can be started shortly after birth (88) Since all available 
evidence indicates that endemic cretimsm is due to the same nutri- 
tional fault as endemic goiter and since congenital myxedema in 
animals may be so easily controlled by the admimstration of iodin to 
the mother during pregnancy, I believe the prevention of endemic 
cretinism in man is as simple as the prevention of simple goiter and 
can be accomplished by the same means 

Simple goiter is the easiest and cheapest of all known diseases to 
prevent and its control may be accomphshed by available methods as 
soon as organized soaety determines to make the effort The pre- 
vention of goiter mil mean a great deal more than eliminating this form 
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of cervical defonnitj’’ It means m addition the control of tliosc forms 
of physical and mental degeneracy such as cretinism, mutism and 
idiocy, which are dependent upon thyroid insuffiaency rurther, 
it would prevent the de\ elopment of tliyroid adenomas The terminal 
metamorphosis of adenomas are far more serious than those of simple 
hyperplasia since in addition to hemorrhage and cyst formation prob- 
ably 90 per cent of the malignant tumors of the t]i\TOid arise from 
these growths Many investigators have likened the effects of thy- 
roidectomy and the manifestations of cretinism to premature semlitj 
Arteriosclerosis commonly occurs in thyroidectomired lambs (Simp- 
son) (89), in myxedema (of adults) and in endemic myxedema (cretin- 
ism) It has also been pointed out that carcinomas m general appear 
earher in life m highly goiterous distncts tlian in nongoiterous dis- 
tricts The elimination of endemic goiter Mould eliminate this 
particular form of premature senility and the sequelae which it entails 
In conclusion one can say that the factors which cause simple 
goiter center about the supplj of lodin and the needs, nonnal and 
abnormal, of the thyroid gland for lodin Supplying this element in 
an amount that rouglily could be considered as approximating the 
phjsiological demand has resulted in precenting simple goiter in 
botli man and animals and in preventing cretinism in animals 
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